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During the past sixty minutes only, oil companies have extracted six trillions liters of oil from
the ground, i.e. the volume of about two hundreds Olympic swimming pools. This phenomenal
number gives a striking illustration of the impact of multiphase flows on the world economy and
environment. From a fundamental perspective, we now clearly understand the large-scale patterns
formed when liquid interfaces are driven through heterogeneous environments. In stark contrast,
the displacement of fragmented fluids through disordered media remains limited to isolated droplets
and bubbles. Here, we elucidate the collective dynamics of emulsions hydrodynamically driven
through disordered environments. Advecting hundreds of thousands of microfluidic droplets through
random lattices of pinning sites, we establish that the mobilization of confined emulsions is a critical
dynamical transition. Unlike contact-line depinning, emulsion mobilization is not triggered by large-
scale avalanches but merely requires the coordinated motion of small groups of particles. Criticality
arises from the correlations of seemingly erratic depinning events over system-spanning scales along
smectic river networks. We elucidate the microscopic origin of these self-organized flow patterns:
contact interactions and hydrodynamic focusing conspire to mobilize emulsion out of disorder. We
close our article commenting on the similarities (and profound differences) with the plastic depinning
transitions of driven flux lines in high-Tc superconductors, and grain transport in eroded sand beds.
I. INTRODUCTION
From enhanced oil recovery to water remediation and
CO2 sequestration, a number of industrial processes hav-
ing a prominent impact on the world economy and envi-
ronment rely on multiphase flows in heterogeneous me-
dia. Since the early days of oil production, at the be-
ginning of the twentieth century, engineers noticed that
the displacements of confined immiscible fluids result in
inhomogeneous spatial patterns limiting oil extraction
from rocks and soils [1]. Since then, these patterns have
been extensively studied by fluid mechanicians, statis-
tical physicists and engineers. However, from a fun-
damental perspective, our understanding has remained
strongly unbalanced. The imbibition and drainage pat-
terns formed by moving interfaces separating two immis-
cible fluids have been extensively investigated [2–8]. Con-
versely, the dynamics of fragmented interfaces in foams
and emulsions remains virtually uncharted, although rel-
evant to a number of practical situations [9–11]. Under-
standing the displacement of say oil in water emulsions in
a natural porous medium is a formidable challenge that
remains out of reach of current physical investigations.
The problem requires addressing at once the transport,
the coalescence, the fragmentation, and the coarsening
of the droplets, modelling multiscale flows and their in-
terplay with the droplets’shape and speed [12, 13]. Until
now, aside from rare exceptions, most physics studies
have therefore focused on the microscopic mechanisms
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occuring at the pore scale, or on flows past isolated ob-
stacles [14–19].
Here, in the spirit of the seminal work by Saffman and
Taylor, we introduce a minimal microfluidic experiment
to address the collective transport properties of particles
hydrodynamically driven through heterogeneous environ-
ments. Considering the advection of monodisperse emul-
sions past random lattices of pinning sites, we demon-
strate a sharp dynamical transition between a creeping
regime where droplets undergo finite displacements, and
a flowing regime where a finite fraction of the emulsion
is effectively mobilized through static and sparse river
patterns. We establish the critical nature of the mobi-
lization transition and elucidate the smectic symmetry
of the resulting flow patterns. Here criticality originates
from the self-organized geometry of river networks alge-
braically correlated over system spanning scales. Unlike
the elastic depinning of meniscii and contact lines [20–
22] mobilization does not rely on scale-free avalanches, or
large-scale dynamical heterogeneities. We conclude dis-
cussing the universality of plastic flows in disordered me-
dia, and identify the essential similarities (and difference)
between hydrodynamic mobilization, plastic depinning in
dirty superconductors [23], granular erosion [24, 25] and
Darcy flows in yield-stress fluids [26, 27].
II. EXPERIMENTS IN PATTERNED
MICROFLUIDICS
Our experimental setup is sketched in Fig. 1A, see also
Methods. We form a monodisperse emulsion of hexade-
cane at a T-junction in an aqueous solution of Glycerol
(40 wt%), surfactant (Sodium Dodecyl Sulfate (SDS) 0.1
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FIG. 1. Microfluidic experiment. (A) Sketch of the microfluidic device composed of three modules. I: a T-junction is used to
produce monodisperse droplets of hexadecane in a water-glycerol solution. II: a homogenizer module splits the droplet stream
into 32 parallel channels. III: the main microfluidic channel is fed with the monodisperse emulsion. It includes a random lattice
of overlapping circular wells of diameter 40µm. We perform our measurement in the window delimited by the dashed line. (B)
Close-up on a 800µm× 800µm window showing pinned and free droplets. Scale bar: 100µm. (C) Sketch of a squeezed droplet
pinned by cylindrical well. Side view. (D) PDF of the depinning flow rates measured on a dilute ensemble of monodisperse
droplets. The distribution is peaked on the typical value QD = 120µl/min.
wt%) and fluorescent dye. The SDS surfactant prevents
coalescence and wetting of the channel walls by the hex-
adecane droplets. The resulting stable emulsion is in-
jected in a 4.5 cm long and 2 cm wide Hele-Shaw cell
through a homogenizer module. In the main channel of
height 60µm the drops are squeezed and have a pancake
shape of radius a = 47µm, see Figs. 1B and 1C. Each
experiment is initialized injecting three pore volumes of
the emulsion at a solvent flow rate Q = 15µl/min, see
Supplementary Video 1. When the injection stops, we
are left with a uniform distribution of droplets with an
area fraction of 0.7 for all experiments reported in the
main text. Disorder is introduced by patterning the bot-
tom wall of the main channel with circular wells of radius
20µm and depth 20µm. As extensively studied in [28],
when a droplet contacts a well, it deforms, relaxes its
surface energy, and therefore gets pinned by the well,
Figs. 1B and 1C. In our experiments the pinning-well
centers are uncorrelated in space, they are distributed
according to a Poisson distribution with a mean density
ρp = 160 mm
−2. In other words, on average, there are
1.01 available pinning site per droplet. As the wells can
overlap (see Fig. 1B) we quantify the disorder strength
by measuring the critical depinning flow speed associated
with each pinning site. To do so we inject a dilute fraction
of droplets in the disordered channel and continuously in-
crease the flow rate. The distribution plotted in Fig. 1D
defines a typical depinning flow rate QD = 120µl/min,
for isolated droplets. QD corresponds to a capillary num-
ber Ca ∼ 2× 10−3.
III. DROPLET MOBILIZATION AS A
DYNAMICAL PHASE TRANSITION
We now describe the mobilization of concentrated
emulsions. The experiment consists in driving at con-
stant flow rate an emulsion trapped by the lattice of
pinning site, see supplementary Movies 2 and 3. We
stress that no additional droplet is produced in the course
of the mobilization experiment. Tracking the individ-
ual trajectories of hundreds of thousands oil droplets,
we distinguish two qualitatively different regimes illus-
trated in Fig. 2A and Supplementary Videos 3 and 4.
Creeping regime: at low flow rates, the droplets undergo
finite displacements but ultimately remain trapped in
the disordered channel. In Fig. 2A showing the state
of the system after the injection of three pore volumes,
we merely observe the formation of locally depleted re-
gions. Comparing the final and initial density fields, we
find that only a small fraction of droplets are displaced,
and only over a finite distance, thereby forming droplet
depleted regions Fig. 2B. Increasing the flow rate, in-
creases the area of the depleted regions and the number of
finite-displacements events. Mobilization regime: Above
Q? = 3.5µl/min, macroscopic patterns emerge, Fig. 2A.
Virtually all droplets contribute to the formation of a
sparse network of branched and reconnected rivers per-
colating throughout the entire system, Fig. 2A and 2B.
Remarkably, Q? is 30 times smaller than the individual
depinning threshold QD which reveals the cooperative
nature of the mobilization transition.
The mobilization patterns reflect the net transport
of the particles. In Figs. 2C we plot the variations of
the number of droplets N (t) as a function of time. In
the creeping regime, almost no droplet is extracted.
Conversely, in the mobilization regime a finite fraction of
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<latexit sha1_base64="epOjWcVJLazSZivp+Hos4Ke5c20="> AAACzHicjVHLSsNAFD2Nr1pfVZdugkVwVVIR1I0URHBnBWOLbZFkOm1D8yKZCCV06xe41d8S/0D/wjvjFNQiOiHJmXPvOTP3Xjf2vV RY1mvBmJtfWFwqLpdWVtfWN8qbWzdplCWM2yzyo6TlOin3vZDbwhM+b8UJdwLX5013dCbjzXuepF4UXotxzLuBMwi9vsccQdRtJ3DEM O3n55O7csWqWmqZs6CmQQV6NaLyCzroIQJDhgAcIQRhHw5SetqowUJMXBc5cQkhT8U5JiiRNqMsThkOsSP6DmjX1mxIe+mZKjWjU3x6 E1Ka2CNNRHkJYXmaqeKZcpbsb9658pR3G9Pf1V4BsQJDYv/STTP/q5O1CPRxrGrwqKZYMbI6pl0y1RV5c/NLVYIcYuIk7lE8IcyUct pnU2lSVbvsraPibypTsnLPdG6Gd3lLGnDt5zhngX1QPalaV4eV+qmedBE72MU+jfMIdVygAZusQzziCc/GpZEZuTH5TDUKWrONb8t4+ ADdcpNK</latexit><latexit sha1_base64="epOjWcVJLazSZivp+Hos4Ke5c20="> AAACzHicjVHLSsNAFD2Nr1pfVZdugkVwVVIR1I0URHBnBWOLbZFkOm1D8yKZCCV06xe41d8S/0D/wjvjFNQiOiHJmXPvOTP3Xjf2vV RY1mvBmJtfWFwqLpdWVtfWN8qbWzdplCWM2yzyo6TlOin3vZDbwhM+b8UJdwLX5013dCbjzXuepF4UXotxzLuBMwi9vsccQdRtJ3DEM O3n55O7csWqWmqZs6CmQQV6NaLyCzroIQJDhgAcIQRhHw5SetqowUJMXBc5cQkhT8U5JiiRNqMsThkOsSP6DmjX1mxIe+mZKjWjU3x6 E1Ka2CNNRHkJYXmaqeKZcpbsb9658pR3G9Pf1V4BsQJDYv/STTP/q5O1CPRxrGrwqKZYMbI6pl0y1RV5c/NLVYIcYuIk7lE8IcyUct pnU2lSVbvsraPibypTsnLPdG6Gd3lLGnDt5zhngX1QPalaV4eV+qmedBE72MU+jfMIdVygAZusQzziCc/GpZEZuTH5TDUKWrONb8t4+ ADdcpNK</latexit><latexit sha1_base64="epOjWcVJLazSZivp+Hos4Ke5c20="> AAACzHicjVHLSsNAFD2Nr1pfVZdugkVwVVIR1I0URHBnBWOLbZFkOm1D8yKZCCV06xe41d8S/0D/wjvjFNQiOiHJmXPvOTP3Xjf2vV RY1mvBmJtfWFwqLpdWVtfWN8qbWzdplCWM2yzyo6TlOin3vZDbwhM+b8UJdwLX5013dCbjzXuepF4UXotxzLuBMwi9vsccQdRtJ3DEM O3n55O7csWqWmqZs6CmQQV6NaLyCzroIQJDhgAcIQRhHw5SetqowUJMXBc5cQkhT8U5JiiRNqMsThkOsSP6DmjX1mxIe+mZKjWjU3x6 E1Ka2CNNRHkJYXmaqeKZcpbsb9658pR3G9Pf1V4BsQJDYv/STTP/q5O1CPRxrGrwqKZYMbI6pl0y1RV5c/NLVYIcYuIk7lE8IcyUct pnU2lSVbvsraPibypTsnLPdG6Gd3lLGnDt5zhngX1QPalaV4eV+qmedBE72MU+jfMIdVygAZusQzziCc/GpZEZuTH5TDUKWrONb8t4+ ADdcpNK</latexit>
F
<latexit sha1_base64="vEGddjULfxvik+ZteKoHoxFItYk="> AAACzHicjVHLSsNAFD2Nr1pfVZdugkVwVVIR1I0UBHFnBWOLbZFkOm1D8yKZCCV06xe41d8S/0D/wjvjFNQiOiHJmXPvOTP3Xjf2vV RY1mvBmJtfWFwqLpdWVtfWN8qbWzdplCWM2yzyo6TlOin3vZDbwhM+b8UJdwLX5013dCbjzXuepF4UXotxzLuBMwi9vsccQdRtJ3DEM O3n55O7csWqWmqZs6CmQQV6NaLyCzroIQJDhgAcIQRhHw5SetqowUJMXBc5cQkhT8U5JiiRNqMsThkOsSP6DmjX1mxIe+mZKjWjU3x6 E1Ka2CNNRHkJYXmaqeKZcpbsb9658pR3G9Pf1V4BsQJDYv/STTP/q5O1CPRxrGrwqKZYMbI6pl0y1RV5c/NLVYIcYuIk7lE8IcyUct pnU2lSVbvsraPibypTsnLPdG6Gd3lLGnDt5zhngX1QPalaV4eV+qmedBE72MU+jfMIdVygAZusQzziCc/GpZEZuTH5TDUKWrONb8t4+ ADf0pNL</latexit><latexit sha1_base64="vEGddjULfxvik+ZteKoHoxFItYk="> AAACzHicjVHLSsNAFD2Nr1pfVZdugkVwVVIR1I0UBHFnBWOLbZFkOm1D8yKZCCV06xe41d8S/0D/wjvjFNQiOiHJmXPvOTP3Xjf2vV RY1mvBmJtfWFwqLpdWVtfWN8qbWzdplCWM2yzyo6TlOin3vZDbwhM+b8UJdwLX5013dCbjzXuepF4UXotxzLuBMwi9vsccQdRtJ3DEM O3n55O7csWqWmqZs6CmQQV6NaLyCzroIQJDhgAcIQRhHw5SetqowUJMXBc5cQkhT8U5JiiRNqMsThkOsSP6DmjX1mxIe+mZKjWjU3x6 E1Ka2CNNRHkJYXmaqeKZcpbsb9658pR3G9Pf1V4BsQJDYv/STTP/q5O1CPRxrGrwqKZYMbI6pl0y1RV5c/NLVYIcYuIk7lE8IcyUct pnU2lSVbvsraPibypTsnLPdG6Gd3lLGnDt5zhngX1QPalaV4eV+qmedBE72MU+jfMIdVygAZusQzziCc/GpZEZuTH5TDUKWrONb8t4+ ADf0pNL</latexit><latexit sha1_base64="vEGddjULfxvik+ZteKoHoxFItYk="> AAACzHicjVHLSsNAFD2Nr1pfVZdugkVwVVIR1I0UBHFnBWOLbZFkOm1D8yKZCCV06xe41d8S/0D/wjvjFNQiOiHJmXPvOTP3Xjf2vV RY1mvBmJtfWFwqLpdWVtfWN8qbWzdplCWM2yzyo6TlOin3vZDbwhM+b8UJdwLX5013dCbjzXuepF4UXotxzLuBMwi9vsccQdRtJ3DEM O3n55O7csWqWmqZs6CmQQV6NaLyCzroIQJDhgAcIQRhHw5SetqowUJMXBc5cQkhT8U5JiiRNqMsThkOsSP6DmjX1mxIe+mZKjWjU3x6 E1Ka2CNNRHkJYXmaqeKZcpbsb9658pR3G9Pf1V4BsQJDYv/STTP/q5O1CPRxrGrwqKZYMbI6pl0y1RV5c/NLVYIcYuIk7lE8IcyUct pnU2lSVbvsraPibypTsnLPdG6Gd3lLGnDt5zhngX1QPalaV4eV+qmedBE72MU+jfMIdVygAZusQzziCc/GpZEZuTH5TDUKWrONb8t4+ ADf0pNL</latexit>
Q/Q?
<latexit sha1_base64="kouF4JWBHfsZTW0s+t4SVYB40Kw="> AAAC1nicjVHLSsNAFD2N73fUpZtgEVzVVAR1V3Dj0oL1QVvLJE7b0LyYmYiliCtx6xe41T8S/0D/wjtjCmoRnZDkzLn3nJl7r5eGgV Su+1qwxsYnJqemZ2bn5hcWl+zllROZZMLnNT8JE3HmMcnDIOY1FaiQn6WCs8gL+anXO9Dx0ysuZJDEx6qf8mbEOnHQDnymiGrZK42Iq a5sD6pb1YuGVEzctOyiW3LNckZBOQdF5OsosV/QwCUS+MgQgSOGIhyCQdJTRxkuUuKaGBAnCAUmznGDWdJmlMUpgxHbo2+HdvWcjWmv PaVR+3RKSK8gpYMN0iSUJwjr0xwTz4yzZn/zHhhPfbc+/b3cKyJWoUvsX7ph5n91uhaFNvZMDQHVlBpGV+fnLpnpir6586UqRQ4pcR pfUlwQ9o1y2GfHaKSpXfeWmfibydSs3vt5boZ3fUsacPnnOEdBbbu0X3KrO8VKOZ/0NNawjk0a5y4qOMQRamR9jUc84dk6t26tO+v+M 9Uq5JpVfFvWwwfh1pa+</latexit><latexit sha1_base64="kouF4JWBHfsZTW0s+t4SVYB40Kw="> AAAC1nicjVHLSsNAFD2N73fUpZtgEVzVVAR1V3Dj0oL1QVvLJE7b0LyYmYiliCtx6xe41T8S/0D/wjtjCmoRnZDkzLn3nJl7r5eGgV Su+1qwxsYnJqemZ2bn5hcWl+zllROZZMLnNT8JE3HmMcnDIOY1FaiQn6WCs8gL+anXO9Dx0ysuZJDEx6qf8mbEOnHQDnymiGrZK42Iq a5sD6pb1YuGVEzctOyiW3LNckZBOQdF5OsosV/QwCUS+MgQgSOGIhyCQdJTRxkuUuKaGBAnCAUmznGDWdJmlMUpgxHbo2+HdvWcjWmv PaVR+3RKSK8gpYMN0iSUJwjr0xwTz4yzZn/zHhhPfbc+/b3cKyJWoUvsX7ph5n91uhaFNvZMDQHVlBpGV+fnLpnpir6586UqRQ4pcR pfUlwQ9o1y2GfHaKSpXfeWmfibydSs3vt5boZ3fUsacPnnOEdBbbu0X3KrO8VKOZ/0NNawjk0a5y4qOMQRamR9jUc84dk6t26tO+v+M 9Uq5JpVfFvWwwfh1pa+</latexit><latexit sha1_base64="kouF4JWBHfsZTW0s+t4SVYB40Kw="> AAAC1nicjVHLSsNAFD2N73fUpZtgEVzVVAR1V3Dj0oL1QVvLJE7b0LyYmYiliCtx6xe41T8S/0D/wjtjCmoRnZDkzLn3nJl7r5eGgV Su+1qwxsYnJqemZ2bn5hcWl+zllROZZMLnNT8JE3HmMcnDIOY1FaiQn6WCs8gL+anXO9Dx0ysuZJDEx6qf8mbEOnHQDnymiGrZK42Iq a5sD6pb1YuGVEzctOyiW3LNckZBOQdF5OsosV/QwCUS+MgQgSOGIhyCQdJTRxkuUuKaGBAnCAUmznGDWdJmlMUpgxHbo2+HdvWcjWmv PaVR+3RKSK8gpYMN0iSUJwjr0xwTz4yzZn/zHhhPfbc+/b3cKyJWoUvsX7ph5n91uhaFNvZMDQHVlBpGV+fnLpnpir6586UqRQ4pcR pfUlwQ9o1y2GfHaKSpXfeWmfibydSs3vt5boZ3fUsacPnnOEdBbbu0X3KrO8VKOZ/0NNawjk0a5y4qOMQRamR9jUc84dk6t26tO+v+M 9Uq5JpVfFvWwwfh1pa+</latexit>
(µl/min)
<latexit sha1_base64="UtuZ Im5Uos51ypcTO+YBLNRIXUU=">AAAC2HicjVHLSsNAFD2Nr1pf8 bFzEyxCBampCOqu4MZlBWsLbSlJOm2H5kUyEWrpwpW49Qvc6g+Jf 6B/4Z0xBbWITkhy5tx7zsy91w5dHgvTfM1oM7Nz8wvZxdzS8srq mr6+cRUHSeSwqhO4QVS3rZi53GdVwYXL6mHELM92Wc0enMl47Zp FMQ/8SzEMWcuzej7vcscSRLX1raZniX7cHRWaXmK4Bx7398ZtPW8 WTbWMaVBKQR7pqgT6C5roIICDBB4YfAjCLizE9DRQgomQuBZGxE WEuIozjJEjbUJZjDIsYgf07dGukbI+7aVnrNQOneLSG5HSwC5pA sqLCMvTDBVPlLNkf/MeKU95tyH97dTLI1agT+xfuknmf3WyFoEuT lQNnGoKFSOrc1KXRHVF3tz4UpUgh5A4iTsUjwg7Sjnps6E0sapd 9tZS8TeVKVm5d9LcBO/yljTg0s9xToPqYfG0aF4c5cv76aSz2MY OCjTOY5RxjgqqZH2DRzzhWWtot9qddv+ZqmVSzSa+Le3hA+ZhlxY =</latexit><latexit sha1_base64="UtuZ Im5Uos51ypcTO+YBLNRIXUU=">AAAC2HicjVHLSsNAFD2Nr1pf8 bFzEyxCBampCOqu4MZlBWsLbSlJOm2H5kUyEWrpwpW49Qvc6g+Jf 6B/4Z0xBbWITkhy5tx7zsy91w5dHgvTfM1oM7Nz8wvZxdzS8srq mr6+cRUHSeSwqhO4QVS3rZi53GdVwYXL6mHELM92Wc0enMl47Zp FMQ/8SzEMWcuzej7vcscSRLX1raZniX7cHRWaXmK4Bx7398ZtPW8 WTbWMaVBKQR7pqgT6C5roIICDBB4YfAjCLizE9DRQgomQuBZGxE WEuIozjJEjbUJZjDIsYgf07dGukbI+7aVnrNQOneLSG5HSwC5pA sqLCMvTDBVPlLNkf/MeKU95tyH97dTLI1agT+xfuknmf3WyFoEuT lQNnGoKFSOrc1KXRHVF3tz4UpUgh5A4iTsUjwg7Sjnps6E0sapd 9tZS8TeVKVm5d9LcBO/yljTg0s9xToPqYfG0aF4c5cv76aSz2MY OCjTOY5RxjgqqZH2DRzzhWWtot9qddv+ZqmVSzSa+Le3hA+ZhlxY =</latexit><latexit sha1_base64="UtuZ Im5Uos51ypcTO+YBLNRIXUU=">AAAC2HicjVHLSsNAFD2Nr1pf8 bFzEyxCBampCOqu4MZlBWsLbSlJOm2H5kUyEWrpwpW49Qvc6g+Jf 6B/4Z0xBbWITkhy5tx7zsy91w5dHgvTfM1oM7Nz8wvZxdzS8srq mr6+cRUHSeSwqhO4QVS3rZi53GdVwYXL6mHELM92Wc0enMl47Zp FMQ/8SzEMWcuzej7vcscSRLX1raZniX7cHRWaXmK4Bx7398ZtPW8 WTbWMaVBKQR7pqgT6C5roIICDBB4YfAjCLizE9DRQgomQuBZGxE WEuIozjJEjbUJZjDIsYgf07dGukbI+7aVnrNQOneLSG5HSwC5pA sqLCMvTDBVPlLNkf/MeKU95tyH97dTLI1agT+xfuknmf3WyFoEuT lQNnGoKFSOrc1KXRHVF3tz4UpUgh5A4iTsUjwg7Sjnps6E0sapd 9tZS8TeVKVm5d9LcBO/yljTg0s9xToPqYfG0aF4c5cv76aSz2MY OCjTOY5RxjgqqZH2DRzzhWWtot9qddv+ZqmVSzSa+Le3hA+ZhlxY =</latexit>
Q
<latexit sha1_base64="d9r7 g0g4it6L2Tm7JXWnRIWYurA=">AAACzHicjVHLSsNAFD2Nr1pfV ZdugkVwISUVQd0V3LizBWOLbZEknbaheTGZCCV06xe41d8S/0D/w jvjFNQiOiHJmXPvOTP3XjcJ/FRY1mvBWFhcWl4prpbW1jc2t8rb OzdpnHGP2V4cxLztOikL/IjZwhcBayecOaEbsJY7vpDx1j3jqR9 H12KSsF7oDCN/4HuOIOq2GzpilA7y5vSuXLGqllrmPKhpUIFejbj 8gi76iOEhQwiGCIJwAAcpPR3UYCEhroecOE7IV3GGKUqkzSiLUY ZD7Ji+Q9p1NBvRXnqmSu3RKQG9nJQmDkgTUx4nLE8zVTxTzpL9z TtXnvJuE/q72iskVmBE7F+6WeZ/dbIWgQHOVA0+1ZQoRlbnaZdMd UXe3PxSlSCHhDiJ+xTnhD2lnPXZVJpU1S5766j4m8qUrNx7OjfD u7wlDbj2c5zzwD6unlet5kmlfqQnXcQe9nFI4zxFHZdowCbrCI9 4wrNxZWRGbkw/U42C1uzi2zIePgD0iJNE</latexit><latexit sha1_base64="d9r7 g0g4it6L2Tm7JXWnRIWYurA=">AAACzHicjVHLSsNAFD2Nr1pfV ZdugkVwISUVQd0V3LizBWOLbZEknbaheTGZCCV06xe41d8S/0D/w jvjFNQiOiHJmXPvOTP3XjcJ/FRY1mvBWFhcWl4prpbW1jc2t8rb OzdpnHGP2V4cxLztOikL/IjZwhcBayecOaEbsJY7vpDx1j3jqR9 H12KSsF7oDCN/4HuOIOq2GzpilA7y5vSuXLGqllrmPKhpUIFejbj 8gi76iOEhQwiGCIJwAAcpPR3UYCEhroecOE7IV3GGKUqkzSiLUY ZD7Ji+Q9p1NBvRXnqmSu3RKQG9nJQmDkgTUx4nLE8zVTxTzpL9z TtXnvJuE/q72iskVmBE7F+6WeZ/dbIWgQHOVA0+1ZQoRlbnaZdMd UXe3PxSlSCHhDiJ+xTnhD2lnPXZVJpU1S5766j4m8qUrNx7OjfD u7wlDbj2c5zzwD6unlet5kmlfqQnXcQe9nFI4zxFHZdowCbrCI9 4wrNxZWRGbkw/U42C1uzi2zIePgD0iJNE</latexit><latexit sha1_base64="d9r7 g0g4it6L2Tm7JXWnRIWYurA=">AAACzHicjVHLSsNAFD2Nr1pfV ZdugkVwISUVQd0V3LizBWOLbZEknbaheTGZCCV06xe41d8S/0D/w jvjFNQiOiHJmXPvOTP3XjcJ/FRY1mvBWFhcWl4prpbW1jc2t8rb OzdpnHGP2V4cxLztOikL/IjZwhcBayecOaEbsJY7vpDx1j3jqR9 H12KSsF7oDCN/4HuOIOq2GzpilA7y5vSuXLGqllrmPKhpUIFejbj 8gi76iOEhQwiGCIJwAAcpPR3UYCEhroecOE7IV3GGKUqkzSiLUY ZD7Ji+Q9p1NBvRXnqmSu3RKQG9nJQmDkgTUx4nLE8zVTxTzpL9z TtXnvJuE/q72iskVmBE7F+6WeZ/dbIWgQHOVA0+1ZQoRlbnaZdMd UXe3PxSlSCHhDiJ+xTnhD2lnPXZVJpU1S5766j4m8qUrNx7OjfD u7wlDbj2c5zzwD6unlet5kmlfqQnXcQe9nFI4zxFHZdowCbrCI9 4wrNxZWRGbkw/U42C1uzi2zIePgD0iJNE</latexit>
1.5
<latexit sha1_base64="to4z MjajG+oC25mB9OKrihXpIZ4=">AAACznicjVHLSsNAFD2Nr1pfV ZdugkVwISEVRd0V3LhswdhCW2QynbbBvEgmSinFrV/gVv9K/AP9C ++MKahFdEKSM+fec2buvW7se6m07deCMTe/sLhUXC6trK6tb5Q3 t67SKEu4cHjkR0nLZanwvVA40pO+aMWJYIHri6Z7c67izVuRpF4 UXspRLLoBG4Re3+NMEtXpBEwO0/64ah1PrssV27L1MmdBNQcV5Ks elV/QQQ8RODIEEAghCftgSOlpowobMXFdjIlLCHk6LjBBibQZZQ nKYMTe0HdAu3bOhrRXnqlWczrFpzchpYk90kSUlxBWp5k6nmlnx f7mPdae6m4j+ru5V0CsxJDYv3TTzP/qVC0SfZzqGjyqKdaMqo7nL pnuirq5+aUqSQ4xcQr3KJ4Q5lo57bOpNamuXfWW6fibzlSs2vM8 N8O7uiUNuPpznLPAObTOLLtxVKkd5JMuYge72KdxnqCGC9ThkHW MRzzh2WgYd8bEuP9MNQq5ZhvflvHwAeafk5s=</latexit><latexit sha1_base64="to4z MjajG+oC25mB9OKrihXpIZ4=">AAACznicjVHLSsNAFD2Nr1pfV ZdugkVwISEVRd0V3LhswdhCW2QynbbBvEgmSinFrV/gVv9K/AP9C ++MKahFdEKSM+fec2buvW7se6m07deCMTe/sLhUXC6trK6tb5Q3 t67SKEu4cHjkR0nLZanwvVA40pO+aMWJYIHri6Z7c67izVuRpF4 UXspRLLoBG4Re3+NMEtXpBEwO0/64ah1PrssV27L1MmdBNQcV5Ks elV/QQQ8RODIEEAghCftgSOlpowobMXFdjIlLCHk6LjBBibQZZQ nKYMTe0HdAu3bOhrRXnqlWczrFpzchpYk90kSUlxBWp5k6nmlnx f7mPdae6m4j+ru5V0CsxJDYv3TTzP/qVC0SfZzqGjyqKdaMqo7nL pnuirq5+aUqSQ4xcQr3KJ4Q5lo57bOpNamuXfWW6fibzlSs2vM8 N8O7uiUNuPpznLPAObTOLLtxVKkd5JMuYge72KdxnqCGC9ThkHW MRzzh2WgYd8bEuP9MNQq5ZhvflvHwAeafk5s=</latexit><latexit sha1_base64="to4z MjajG+oC25mB9OKrihXpIZ4=">AAACznicjVHLSsNAFD2Nr1pfV ZdugkVwISEVRd0V3LhswdhCW2QynbbBvEgmSinFrV/gVv9K/AP9C ++MKahFdEKSM+fec2buvW7se6m07deCMTe/sLhUXC6trK6tb5Q3 t67SKEu4cHjkR0nLZanwvVA40pO+aMWJYIHri6Z7c67izVuRpF4 UXspRLLoBG4Re3+NMEtXpBEwO0/64ah1PrssV27L1MmdBNQcV5Ks elV/QQQ8RODIEEAghCftgSOlpowobMXFdjIlLCHk6LjBBibQZZQ nKYMTe0HdAu3bOhrRXnqlWczrFpzchpYk90kSUlxBWp5k6nmlnx f7mPdae6m4j+ru5V0CsxJDYv3TTzP/qVC0SfZzqGjyqKdaMqo7nL pnuirq5+aUqSQ4xcQr3KJ4Q5lo57bOpNamuXfWW6fibzlSs2vM8 N8O7uiUNuPpznLPAObTOLLtxVKkd5JMuYge72KdxnqCGC9ThkHW MRzzh2WgYd8bEuP9MNQq5ZhvflvHwAeafk5s=</latexit>
3.8
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FIG. 2. The mobilization of emulsion through a disordered microfluidic channel is a critical dynamical transition. (A) Images
of the droplets in the disordered channel after the injection of three pore volumes at increasing flow rates Q. (B) The color
map indicates the difference between the local droplet density at the end and at the beginning of the experiments. Red (resp.
blue) indicates a local increase (resp. decrease) of the density. Same experiments as in (A). (C) Variations of the overall
droplet fraction N as a function of time. Time is normalized by t0, the typical time it takes for a free droplet to move over
its own radius. (D) Fraction of droplets mobilized out of the system plotted as a function of the flow rate. ΦM bifurcates at
Q? = 3.5µl/min. (E) The normalized relaxation time of N (t) defined as τ/t0 = (1/t0)
∫∞
0
[N (t) −N (∞)]dt peaks at Q = Q?.
(F) Blue dots: length of the longest depleted void measured when Q < Q?, see (B). Orange dots: length of the longest loop
formed in the river Network, see (A) and SI Appendix. Both length scales grow nonlinearly with Q and peak at the onset of
mobilization.
the droplets escapes the channel. The transition between
the two dynamics is sharp. Inspecting the variation of
the fraction of mobilized droplets, ΦM, as a function of
the applied flow (Figs. 2D), we find that ΦM bifurcates
from zero to a finite value when Q reaches Q?. In order
to distinguish between a sharp crossover and a genuine
dynamical transition, we first plot the time (τ) needed
to reach a stationary state in Fig. 2E. Importantly, we
compare the different time scales normalizing τ by the
time (t0(Q)) it takes for a free droplet to be advected
over a distance a at the applied flow rate. In the creeping
regime τ/t0 is vanishingly small as droplets hardly move
over a diameter. Conversely, deep in the mobilization
regime τ converges towards the free advection time over
the entire observation window. However, the variations
of τ are non-monotonic and sharply increase in the
vicinity of Q? where τ/t0 is three orders of magnitude
larger than in the creeping regime. This behavior is
suggestive of critical slowing down. To further confirm
the hypothesis of a critical scenario, we measure the
variations of two typical length scales associated with
the mobilization patterns: the length `void of the largest
depleted void in the creeping regime, and the size of
the largest loop `loop, viz the maximal reconnection
length, of the river patterns in the mobilization regime,
see Fig. 2A and 2B. We show in Fig. 2F that both
length scales diverge at the onset of mobilization.
Altogether, the sharp bifurcation of ΦM, the divergence
of the relaxation time and the divergence of the length
scales characteristic of the rivers’ geometry establish the
critical nature of the mobilization transition.
IV. CRITICAL FLOW RATE
To gain more insight we now investigate the migration
dynamics of the droplets. Fig. 3A shows an instanta-
neous map of the longitudinal component of the droplet-
velocity field ν‖(r, t), when the droplet extraction rate
4Q/Q?
<latexit sha1_base64="kouF4JWBHfsZTW0s+t4SVYB40Kw=">AAAC1nicjVHLSsNAFD2N73fUpZtgEVzVVAR1V3Dj0oL1QVvLJE7 b0LyYmYiliCtx6xe41T8S/0D/wjtjCmoRnZDkzLn3nJl7r5eGgVSu+1qwxsYnJqemZ2bn5hcWl+zllROZZMLnNT8JE3HmMcnDIOY1FaiQn6WCs8gL+anXO9Dx0ysuZJDEx6qf8mbEOnHQDnymiGrZK42Iqa5sD6pb1YuGVEzctOyiW3LNckZBOQdF5OsosV/QwCUS+MgQgSO GIhyCQdJTRxkuUuKaGBAnCAUmznGDWdJmlMUpgxHbo2+HdvWcjWmvPaVR+3RKSK8gpYMN0iSUJwjr0xwTz4yzZn/zHhhPfbc+/b3cKyJWoUvsX7ph5n91uhaFNvZMDQHVlBpGV+fnLpnpir6586UqRQ4pcRpfUlwQ9o1y2GfHaKSpXfeWmfibydSs3vt5boZ3fUsacPnnOEdB bbu0X3KrO8VKOZ/0NNawjk0a5y4qOMQRamR9jUc84dk6t26tO+v+M9Uq5JpVfFvWwwfh1pa+</latexit><latexit sha1_base64="kouF4JWBHfsZTW0s+t4SVYB40Kw=">AAAC1nicjVHLSsNAFD2N73fUpZtgEVzVVAR1V3Dj0oL1QVvLJE7 b0LyYmYiliCtx6xe41T8S/0D/wjtjCmoRnZDkzLn3nJl7r5eGgVSu+1qwxsYnJqemZ2bn5hcWl+zllROZZMLnNT8JE3HmMcnDIOY1FaiQn6WCs8gL+anXO9Dx0ysuZJDEx6qf8mbEOnHQDnymiGrZK42Iqa5sD6pb1YuGVEzctOyiW3LNckZBOQdF5OsosV/QwCUS+MgQgSO GIhyCQdJTRxkuUuKaGBAnCAUmznGDWdJmlMUpgxHbo2+HdvWcjWmvPaVR+3RKSK8gpYMN0iSUJwjr0xwTz4yzZn/zHhhPfbc+/b3cKyJWoUvsX7ph5n91uhaFNvZMDQHVlBpGV+fnLpnpir6586UqRQ4pcRpfUlwQ9o1y2GfHaKSpXfeWmfibydSs3vt5boZ3fUsacPnnOEdB bbu0X3KrO8VKOZ/0NNawjk0a5y4qOMQRamR9jUc84dk6t26tO+v+M9Uq5JpVfFvWwwfh1pa+</latexit><latexit sha1_base64="kouF4JWBHfsZTW0s+t4SVYB40Kw=">AAAC1nicjVHLSsNAFD2N73fUpZtgEVzVVAR1V3Dj0oL1QVvLJE7 b0LyYmYiliCtx6xe41T8S/0D/wjtjCmoRnZDkzLn3nJl7r5eGgVSu+1qwxsYnJqemZ2bn5hcWl+zllROZZMLnNT8JE3HmMcnDIOY1FaiQn6WCs8gL+anXO9Dx0ysuZJDEx6qf8mbEOnHQDnymiGrZK42Iqa5sD6pb1YuGVEzctOyiW3LNckZBOQdF5OsosV/QwCUS+MgQgSO GIhyCQdJTRxkuUuKaGBAnCAUmznGDWdJmlMUpgxHbo2+HdvWcjWmvPaVR+3RKSK8gpYMN0iSUJwjr0xwTz4yzZn/zHhhPfbc+/b3cKyJWoUvsX7ph5n91uhaFNvZMDQHVlBpGV+fnLpnpir6586UqRQ4pcRpfUlwQ9o1y2GfHaKSpXfeWmfibydSs3vt5boZ3fUsacPnnOEdB bbu0X3KrO8VKOZ/0NNawjk0a5y4qOMQRamR9jUc84dk6t26tO+v+M9Uq5JpVfFvWwwfh1pa+</latexit>
0.7
<latexit sha1 _base64="rcNvr6sy4lDfwRMz4 w+paCgJiTI=">AAACxXicjVHL SsNAFD2Nr/quunQTLIKrkIhQ3R XcdFnR2EItkkynNTRNwmRSKEX 8Arf6aeIf6F94Z5yCWkQnJDlz7 j1n5t4bZnGUS9d9LVkLi0vLK+X VtfWNza3tys7udZ4WgnGfpXEq 2mGQ8zhKuC8jGfN2JngwCmPeCo fnKt4ac5FHaXIlJxnvjoJBEvU jFkiiLl2ndlupuo6rlz0PPAOqM KuZVl5wgx5SMBQYgSOBJBwjQE 5PBx5cZMR1MSVOEIp0nOMea6Qt KItTRkDskL4D2nUMm9BeeeZaz eiUmF5BShuHpEkpTxBWp9k6Xmh nxf7mPdWe6m4T+ofGa0SsxB2xf +lmmf/VqVok+jjVNURUU6YZVR 0zLoXuirq5/aUqSQ4ZcQr3KC4I M62c9dnWmlzXrnob6PibzlSs2 jOTW+Bd3ZIG7P0c5zzwj50zx70 4qdY9M+ky9nGAIxpnDXU00IRP 1gM84gnPVsNKLGmNP1OtktHs4d uyHj4AYbSPcA==</latexit><latexit sha1 _base64="rcNvr6sy4lDfwRMz4 w+paCgJiTI=">AAACxXicjVHL SsNAFD2Nr/quunQTLIKrkIhQ3R XcdFnR2EItkkynNTRNwmRSKEX 8Arf6aeIf6F94Z5yCWkQnJDlz7 j1n5t4bZnGUS9d9LVkLi0vLK+X VtfWNza3tys7udZ4WgnGfpXEq 2mGQ8zhKuC8jGfN2JngwCmPeCo fnKt4ac5FHaXIlJxnvjoJBEvU jFkiiLl2ndlupuo6rlz0PPAOqM KuZVl5wgx5SMBQYgSOBJBwjQE 5PBx5cZMR1MSVOEIp0nOMea6Qt KItTRkDskL4D2nUMm9BeeeZaz eiUmF5BShuHpEkpTxBWp9k6Xmh nxf7mPdWe6m4T+ofGa0SsxB2xf +lmmf/VqVok+jjVNURUU6YZVR 0zLoXuirq5/aUqSQ4ZcQr3KC4I M62c9dnWmlzXrnob6PibzlSs2 jOTW+Bd3ZIG7P0c5zzwj50zx70 4qdY9M+ky9nGAIxpnDXU00IRP 1gM84gnPVsNKLGmNP1OtktHs4d uyHj4AYbSPcA==</latexit><latexit sha1 _base64="rcNvr6sy4lDfwRMz4 w+paCgJiTI=">AAACxXicjVHL SsNAFD2Nr/quunQTLIKrkIhQ3R XcdFnR2EItkkynNTRNwmRSKEX 8Arf6aeIf6F94Z5yCWkQnJDlz7 j1n5t4bZnGUS9d9LVkLi0vLK+X VtfWNza3tys7udZ4WgnGfpXEq 2mGQ8zhKuC8jGfN2JngwCmPeCo fnKt4ac5FHaXIlJxnvjoJBEvU jFkiiLl2ndlupuo6rlz0PPAOqM KuZVl5wgx5SMBQYgSOBJBwjQE 5PBx5cZMR1MSVOEIp0nOMea6Qt KItTRkDskL4D2nUMm9BeeeZaz eiUmF5BShuHpEkpTxBWp9k6Xmh nxf7mPdWe6m4T+ofGa0SsxB2xf +lmmf/VqVok+jjVNURUU6YZVR 0zLoXuirq5/aUqSQ4ZcQr3KC4I M62c9dnWmlzXrnob6PibzlSs2 jOTW+Bd3ZIG7P0c5zzwj50zx70 4qdY9M+ky9nGAIxpnDXU00IRP 1gM84gnPVsNKLGmNP1OtktHs4d uyHj4AYbSPcA==</latexit>
0.85
<latexit sha1_base64="ZByU mKf/DRM1z+E1KcBCPPE4tYQ=">AAACxnicjVHLSsNAFD2Nr1pfV ZdugkVwFRJRrLuCG91VMLZQiyTptB2aZEIyUUoR/AK3+mfiH+hf eGdMQS2iE5KcOfeeM3Pv9ZOQZ9K2X0vG3PzC4lJ5ubKyura+Ud3 cuspEngbMDUQo0rbvZSzkMXMllyFrJynzIj9kLX90quKtW5ZmXM SXcpywbuQNYt7ngScVZVv1o5tqzbZsvcxZ4BSghmI1RfUF1+hBIE COCAwxJOEQHjJ6OnBgIyGuiwlxKSGu4wz3qJA2pyxGGR6xI/oOa Ncp2Jj2yjPT6oBOCelNSWlijzSC8lLC6jRTx3PtrNjfvCfaU91t TH+/8IqIlRgS+5dumvlfnapFoo+6roFTTYlmVHVB4ZLrrqibm1+ qkuSQEKdwj+Ip4UArp302tSbTtaveejr+pjMVq/ZBkZvjXd2SBu z8HOcscA+sE8u+OKw1nGLSZexgF/s0zmM0cIYmXLIe4hFPeDbOD WHkxt1nqlEqNNv4toyHDwgmj7A=</latexit><latexit sha1_base64="ZByU mKf/DRM1z+E1KcBCPPE4tYQ=">AAACxnicjVHLSsNAFD2Nr1pfV ZdugkVwFRJRrLuCG91VMLZQiyTptB2aZEIyUUoR/AK3+mfiH+hf eGdMQS2iE5KcOfeeM3Pv9ZOQZ9K2X0vG3PzC4lJ5ubKyura+Ud3 cuspEngbMDUQo0rbvZSzkMXMllyFrJynzIj9kLX90quKtW5ZmXM SXcpywbuQNYt7ngScVZVv1o5tqzbZsvcxZ4BSghmI1RfUF1+hBIE COCAwxJOEQHjJ6OnBgIyGuiwlxKSGu4wz3qJA2pyxGGR6xI/oOa Ncp2Jj2yjPT6oBOCelNSWlijzSC8lLC6jRTx3PtrNjfvCfaU91t TH+/8IqIlRgS+5dumvlfnapFoo+6roFTTYlmVHVB4ZLrrqibm1+ qkuSQEKdwj+Ip4UArp302tSbTtaveejr+pjMVq/ZBkZvjXd2SBu z8HOcscA+sE8u+OKw1nGLSZexgF/s0zmM0cIYmXLIe4hFPeDbOD WHkxt1nqlEqNNv4toyHDwgmj7A=</latexit><latexit sha1_base64="ZByU mKf/DRM1z+E1KcBCPPE4tYQ=">AAACxnicjVHLSsNAFD2Nr1pfV ZdugkVwFRJRrLuCG91VMLZQiyTptB2aZEIyUUoR/AK3+mfiH+hf eGdMQS2iE5KcOfeeM3Pv9ZOQZ9K2X0vG3PzC4lJ5ubKyura+Ud3 cuspEngbMDUQo0rbvZSzkMXMllyFrJynzIj9kLX90quKtW5ZmXM SXcpywbuQNYt7ngScVZVv1o5tqzbZsvcxZ4BSghmI1RfUF1+hBIE COCAwxJOEQHjJ6OnBgIyGuiwlxKSGu4wz3qJA2pyxGGR6xI/oOa Ncp2Jj2yjPT6oBOCelNSWlijzSC8lLC6jRTx3PtrNjfvCfaU91t TH+/8IqIlRgS+5dumvlfnapFoo+6roFTTYlmVHVB4ZLrrqibm1+ qkuSQEKdwj+Ip4UArp302tSbTtaveejr+pjMVq/ZBkZvjXd2SBu z8HOcscA+sE8u+OKw1nGLSZexgF/s0zmM0cIYmXLIe4hFPeDbOD WHkxt1nqlEqNNv4toyHDwgmj7A=</latexit>
1.4
<latexit sha1_base64="hz8g0u3hbnABZxDhg+SddgYzZNs="> AAACxXicjVHLSsNAFD2Nr1pfVZdugkVwFRIpqLuCmy4rGi3UIsl0WoemSZhMCqWIX+BWP038A/0L74wpqEV0QpIz595zZu69YRqJTL nua8laWFxaXimvVtbWNza3qts7V1mSS8Z9lkSJbIdBxiMRc18JFfF2KnkwCiN+HQ7PdPx6zGUmkvhSTVLeHQWDWPQFCxRRF55Tv63W XMc1y54HXgFqKFYrqb7gBj0kYMgxAkcMRThCgIyeDjy4SInrYkqcJCRMnOMeFdLmlMUpIyB2SN8B7ToFG9Nee2ZGzeiUiF5JShsHpE koTxLWp9kmnhtnzf7mPTWe+m4T+oeF14hYhTti/9LNMv+r07Uo9HFiahBUU2oYXR0rXHLTFX1z+0tVihxS4jTuUVwSZkY567NtNJmp Xfc2MPE3k6lZvWdFbo53fUsasPdznPPAP3JOHfe8Xmt4xaTL2MM+Dmmcx2igiRZ8sh7gEU94tppWbClr/JlqlQrNLr4t6+EDXPiPbg= =</latexit><latexit sha1_base64="hz8g0u3hbnABZxDhg+SddgYzZNs="> AAACxXicjVHLSsNAFD2Nr1pfVZdugkVwFRIpqLuCmy4rGi3UIsl0WoemSZhMCqWIX+BWP038A/0L74wpqEV0QpIz595zZu69YRqJTL nua8laWFxaXimvVtbWNza3qts7V1mSS8Z9lkSJbIdBxiMRc18JFfF2KnkwCiN+HQ7PdPx6zGUmkvhSTVLeHQWDWPQFCxRRF55Tv63W XMc1y54HXgFqKFYrqb7gBj0kYMgxAkcMRThCgIyeDjy4SInrYkqcJCRMnOMeFdLmlMUpIyB2SN8B7ToFG9Nee2ZGzeiUiF5JShsHpE koTxLWp9kmnhtnzf7mPTWe+m4T+oeF14hYhTti/9LNMv+r07Uo9HFiahBUU2oYXR0rXHLTFX1z+0tVihxS4jTuUVwSZkY567NtNJmp Xfc2MPE3k6lZvWdFbo53fUsasPdznPPAP3JOHfe8Xmt4xaTL2MM+Dmmcx2igiRZ8sh7gEU94tppWbClr/JlqlQrNLr4t6+EDXPiPbg= =</latexit><latexit sha1_base64="hz8g0u3hbnABZxDhg+SddgYzZNs="> AAACxXicjVHLSsNAFD2Nr1pfVZdugkVwFRIpqLuCmy4rGi3UIsl0WoemSZhMCqWIX+BWP038A/0L74wpqEV0QpIz595zZu69YRqJTL nua8laWFxaXimvVtbWNza3qts7V1mSS8Z9lkSJbIdBxiMRc18JFfF2KnkwCiN+HQ7PdPx6zGUmkvhSTVLeHQWDWPQFCxRRF55Tv63W XMc1y54HXgFqKFYrqb7gBj0kYMgxAkcMRThCgIyeDjy4SInrYkqcJCRMnOMeFdLmlMUpIyB2SN8B7ToFG9Nee2ZGzeiUiF5JShsHpE koTxLWp9kmnhtnzf7mPTWe+m4T+oeF14hYhTti/9LNMv+r07Uo9HFiahBUU2oYXR0rXHLTFX1z+0tVihxS4jTuUVwSZkY567NtNJmp Xfc2MPE3k6lZvWdFbo53fUsasPdznPPAP3JOHfe8Xmt4xaTL2MM+Dmmcx2igiRZ8sh7gEU94tppWbClr/JlqlQrNLr4t6+EDXPiPbg= =</latexit>
2.6
<latexit sha1_base64="9wvJ7wEUoiO0dbTJ6oaYuzovLkw="> AAACxXicjVHLSsNAFD2Nr1pfVZdugkVwFZIiPnYFN11WNLZQiyTptIbmxWRSKEX8Arf6aeIf6F94Z5yCWkQnJDlz7j1n5t7rZ1GYC9 t+LRkLi0vLK+XVytr6xuZWdXvnOk8LHjA3SKOUd3wvZ1GYMFeEImKdjDMv9iPW9kfnMt4eM56HaXIlJhnrxd4wCQdh4AmiLuvW8W21 Zlu2WuY8cDSoQa9WWn3BDfpIEaBADIYEgnAEDzk9XTiwkRHXw5Q4TihUcYZ7VEhbUBajDI/YEX2HtOtqNqG99MyVOqBTIno5KU0ckC alPE5YnmaqeKGcJfub91R5yrtN6O9rr5hYgTti/9LNMv+rk7UIDHCqagippkwxsrpAuxSqK/Lm5peqBDlkxEncpzgnHCjlrM+m0uSq dtlbT8XfVKZk5T7QuQXe5S1pwM7Pcc4Dt26dWfbFUa3h6EmXsYd9HNI4T9BAEy24ZD3EI57wbDSNxBDG+DPVKGnNLr4t4+EDZBePcQ= =</latexit><latexit sha1_base64="9wvJ7wEUoiO0dbTJ6oaYuzovLkw="> AAACxXicjVHLSsNAFD2Nr1pfVZdugkVwFZIiPnYFN11WNLZQiyTptIbmxWRSKEX8Arf6aeIf6F94Z5yCWkQnJDlz7j1n5t7rZ1GYC9 t+LRkLi0vLK+XVytr6xuZWdXvnOk8LHjA3SKOUd3wvZ1GYMFeEImKdjDMv9iPW9kfnMt4eM56HaXIlJhnrxd4wCQdh4AmiLuvW8W21 Zlu2WuY8cDSoQa9WWn3BDfpIEaBADIYEgnAEDzk9XTiwkRHXw5Q4TihUcYZ7VEhbUBajDI/YEX2HtOtqNqG99MyVOqBTIno5KU0ckC alPE5YnmaqeKGcJfub91R5yrtN6O9rr5hYgTti/9LNMv+rk7UIDHCqagippkwxsrpAuxSqK/Lm5peqBDlkxEncpzgnHCjlrM+m0uSq dtlbT8XfVKZk5T7QuQXe5S1pwM7Pcc4Dt26dWfbFUa3h6EmXsYd9HNI4T9BAEy24ZD3EI57wbDSNxBDG+DPVKGnNLr4t4+EDZBePcQ= =</latexit><latexit sha1_base64="9wvJ7wEUoiO0dbTJ6oaYuzovLkw="> AAACxXicjVHLSsNAFD2Nr1pfVZdugkVwFZIiPnYFN11WNLZQiyTptIbmxWRSKEX8Arf6aeIf6F94Z5yCWkQnJDlz7j1n5t7rZ1GYC9 t+LRkLi0vLK+XVytr6xuZWdXvnOk8LHjA3SKOUd3wvZ1GYMFeEImKdjDMv9iPW9kfnMt4eM56HaXIlJhnrxd4wCQdh4AmiLuvW8W21 Zlu2WuY8cDSoQa9WWn3BDfpIEaBADIYEgnAEDzk9XTiwkRHXw5Q4TihUcYZ7VEhbUBajDI/YEX2HtOtqNqG99MyVOqBTIno5KU0ckC alPE5YnmaqeKGcJfub91R5yrtN6O9rr5hYgTti/9LNMv+rk7UIDHCqagippkwxsrpAuxSqK/Lm5peqBDlkxEncpzgnHCjlrM+m0uSq dtlbT8XfVKZk5T7QuQXe5S1pwM7Pcc4Dt26dWfbFUa3h6EmXsYd9HNI4T9BAEy24ZD3EI57wbDSNxBDG+DPVKGnNLr4t4+EDZBePcQ= =</latexit>
1
<latexit sha1_base64="YbvWs584o7uKBsTWWd5rSWRxW+k="> AAACw3icjVHLTsJAFD3UF+ILdemmkZi4aqaAAjsSE+MSEhESJKYtAzaUtplOTQjhC9zqtxn/QP/CO2NJdEF0mrZ3zj3nzNx73TjwE8 nYe85YW9/Y3MpvF3Z29/YPiodHd0mUCo93vCiIRM91Eh74Ie9IXwa8FwvuTN2Ad93Jlcp3n7hI/Ci8lbOYD6bOOPRHvudIgtr2Q7HE rEa9dllvmMwqs0qtckEBK1crdtm0LaZXCdlqRcU33GOICB5STMERQlIcwEFCTx82GGLCBpgTJijydZ5jgQJpU2JxYjiETug7pl0/Q0 PaK89Eqz06JaBXkNLEGWki4gmK1WmmzqfaWaGrvOfaU91tRn8385oSKvFI6F+6JfO/OlWLxAh1XYNPNcUaUdV5mUuqu6Jubv6oSpJD TJiKh5QXFHtaueyzqTWJrl311tH5D81UqNp7GTfFp7olDXg5RXN10ClbDYu1q6WmnU06jxOc4pzGWUMTN2iho62f8YJX49oIDGHIb6q RyzTH+LWMxRffkI9H</latexit><latexit sha1_base64="YbvWs584o7uKBsTWWd5rSWRxW+k="> AAACw3icjVHLTsJAFD3UF+ILdemmkZi4aqaAAjsSE+MSEhESJKYtAzaUtplOTQjhC9zqtxn/QP/CO2NJdEF0mrZ3zj3nzNx73TjwE8 nYe85YW9/Y3MpvF3Z29/YPiodHd0mUCo93vCiIRM91Eh74Ie9IXwa8FwvuTN2Ad93Jlcp3n7hI/Ci8lbOYD6bOOPRHvudIgtr2Q7HE rEa9dllvmMwqs0qtckEBK1crdtm0LaZXCdlqRcU33GOICB5STMERQlIcwEFCTx82GGLCBpgTJijydZ5jgQJpU2JxYjiETug7pl0/Q0 PaK89Eqz06JaBXkNLEGWki4gmK1WmmzqfaWaGrvOfaU91tRn8385oSKvFI6F+6JfO/OlWLxAh1XYNPNcUaUdV5mUuqu6Jubv6oSpJD TJiKh5QXFHtaueyzqTWJrl311tH5D81UqNp7GTfFp7olDXg5RXN10ClbDYu1q6WmnU06jxOc4pzGWUMTN2iho62f8YJX49oIDGHIb6q RyzTH+LWMxRffkI9H</latexit><latexit sha1_base64="YbvWs584o7uKBsTWWd5rSWRxW+k="> AAACw3icjVHLTsJAFD3UF+ILdemmkZi4aqaAAjsSE+MSEhESJKYtAzaUtplOTQjhC9zqtxn/QP/CO2NJdEF0mrZ3zj3nzNx73TjwE8 nYe85YW9/Y3MpvF3Z29/YPiodHd0mUCo93vCiIRM91Eh74Ie9IXwa8FwvuTN2Ad93Jlcp3n7hI/Ci8lbOYD6bOOPRHvudIgtr2Q7HE rEa9dllvmMwqs0qtckEBK1crdtm0LaZXCdlqRcU33GOICB5STMERQlIcwEFCTx82GGLCBpgTJijydZ5jgQJpU2JxYjiETug7pl0/Q0 PaK89Eqz06JaBXkNLEGWki4gmK1WmmzqfaWaGrvOfaU91tRn8385oSKvFI6F+6JfO/OlWLxAh1XYNPNcUaUdV5mUuqu6Jubv6oSpJD TJiKh5QXFHtaueyzqTWJrl311tH5D81UqNp7GTfFp7olDXg5RXN10ClbDYu1q6WmnU06jxOc4pzGWUMTN2iho62f8YJX49oIDGHIb6q RyzTH+LWMxRffkI9H</latexit>
0
0.1
0.2
0.3
0.4
0.5
0
0.1
0.2
0.3
0.4
0.5
V
k (r)/V
0k
<latexit sha1_base64="yB9FjihQAbC+ipkuIvyBmMm35B0="></latexit><latexit sha1_base64="yB9FjihQAbC+ipkuIvyBmMm35B0="></latexit><latexit sha1_base64="yB9FjihQAbC+ipkuIvyBmMm35B0="></latexit>
⌫k (r,t)/
v
F
<latexit sha1_base64="ZKUi6zv658OG9qW4uSl2qsJcZBE="></latexit><latexit sha1_base64="ZKUi6zv658OG9qW4uSl2qsJcZBE="></latexit><latexit sha1_base64="ZKUi6zv658OG9qW4uSl2qsJcZBE="></latexit>
A
B
FIG. 3. The droplets are mobilized through a smectic network of channels. (A) Instantaneous droplet-velocity field. The
color indicates the magnitude of the longitudinal component ν‖(r, t) evaluated at the time where the slope of the N (t) curve
is minimum (Fig. 2C). (B) Map of the maximal droplet flux V‖(r): a filamentous river network forms above Q?.
is maximal. In both regimes, droplet motion takes the
form of localized bursts of activity involving clusters of
droplets at contact, see also Supplementary Movies 2, 3,
4 and 5. These localized events seem homogeneously dis-
tributed in space, reflecting the nucleation and intermit-
tent growth of depleted regions across the whole sample.
Unlike elastic depinning of liquid interfaces, or of elas-
tic lattices, the plastic flows at the onset of mobilization
are not supported by large scale avalanches. As a mat-
ter of fact, the typical number of droplets in the moving
clusters is comprised between two and eight and does not
diverge at Q?, see SI Appendix. Criticality does not stem
from scale-free dynamical heterogeneities.
The finite size of the local flow bursts, however,
reveals that the value of the critical flow rate Q? is
determined both by lubricated contact interactions and
by the geometrical focusing of the solvent flow. The
depinning of an isolated droplet is driven by the pressure
drop over its own diameter [28]. At the transition,
when a cluster of a typical size of five droplet diameters
forms along the longitudinal direction, the pressure
drop across whole cluster is ∼ 5 times larger than the
pressure drop across an isolated particle. One would
therefore expect Q? to be five times smaller that QD
due to the (lubricated) contact interactions which is
about an order of magnitude larger than the measured
value. This discrepancy is solved noting that droplets
at rest form a porous structure that locally focuses the
flow of the incompressible continuous phase. The finite
porosity of the static emulsion amplifies the local flow
rate by a factor of the order of ∼ 1/0.3, where 0.3 is
the area fraction of the region accessible to the driving
fluid at t = 0. Altogether hydrodynamic focusing
and contact interactions give an estimate of Q? of
the order of ∼ 7µl/min in qualitative agreement with
our measurements (Q? = 3.5µl/min). We expect this
overestimate to reflect the exponentially distributed flow
heterogeneities reported in similar porous structures [13].
V. A SCALE-FREE SMECTIC NETWORK
We now characterize and elucidate the geometry of
the river pattern. To do so, we first define the maxi-
mal droplet flux V‖(r) = max
[
ν‖(r, t)
]
which continu-
ously bifurcates from zero to a finite value at Q?, when
averaged over space, see Fig. 4A. Remarkably, the spa-
tial fluctuations of V‖(r) reveal that the seemingly erratic
activity bursts seen in Fig. 3A are actually strongly cor-
related in space. A direct comparison between Figs. 2A
and 3B indicates that all depinning events occur along
the sparse river networks seen in the final images of our
experiments. From a Lagrangian perspective, this dy-
namics translates into a bimodal distribution of the in-
dividual droplet speed νi normalized by the average flow
speed vF, Fig. 4B. The localization of the droplet dy-
namics explains why only thirty percent of them can be
effectively extracted out of the device, even at the highest
flow rates.
5In order to quantitatively characterize the geometry
of the river network, we compute the two point correla-
tions of the V‖ field, CV(x, y). The spatial variations of
CV(x, y) exhibit three essential features: (i) The velocity
correlations decay exponentially with marked oscillations
along the transverse direction, Fig. 4C. The oscillations
reflect the periodicity of the river pattern along the y axis
with a period λ = 2a irrespective of the magnitude of
the flow rate. Remarkably, the emergence of this trans-
lational order coincides with the onset of mobilization.
We demonstrate this structural transition by plotting the
magnitude of the oscillations, S = CV(0, 2a) − CV(0, a),
as a function of the flow rate in Fig. 4D, and show that
S continuously bifurcates from zero to a finite value at
Q?. (ii) The correlations of V‖ decay algebraically along
the flow direction: CV(x, 0) ∼ x−α with 0.5 < α < 1,
Fig. 4E. The smectic river patterns are therefore crit-
ical over the entire mobilization regime. (iii) The 2D
variations of CV(x, y) hint towards a microscopic expla-
nation for the rivers’ geometry. The oscillatory decay of
CV(x, y) indeed persists only when the distance vector r
makes an angle larger than pi/4 with respect to the lon-
gitudinal axis, see Fig.4F. This angle corresponds to the
direction where a dipolar flow perturbation changes its
sign along the longitudinal axis thereby suggesting the
following picture.
VI. DIPOLAR INTERACTIONS
Consider the initial configuration sketched in Fig. 4G.
The depinning of the orange droplet would result in a
dipolar displacements field for the surrounding droplets,
if they were all free to move. This generic behavior [30]
follows from mass conservation and therefore applies to
the quasistatic deformations, or force distribution in any
ensemble of nearly incompressible particles, see e.g. [31]
for a neat example in a granular medium. Mass conser-
vation implies that the divergence of the particle cur-
rent vanishes and, at lowest order in gradients, a lo-
cal particle displacement along the direction pˆ at the
origin corresponds to a localized dipolar perturbation:
∇ · j(r) ∼ pˆ ·∇δ(r). The resulting displacements share
the same symmetry and are screened over a distance
comparable to a particle size (algebraically, or exponen-
tially) [32–34]. The consequences of this dipolar pertur-
bation are illustrated in Fig. 4H. Particles in the down-
stream region are further pulled thereby promoting the
formation of a directed river. Conversely the depinning
of the particles located above and below the moving one
is hindered by the dipolar contact-force network push-
ing in the direction opposite to the driving flow. Further
away, in the transverse direction, the dipolar perturba-
tion vanishes and the driving fluid can freely contribute
to particle depinning. All together these contact mecha-
nisms promote, on average, the formation of river lanes
along the flow direction. The formation of a river locally
increases the permeability of the medium and therefore
facilitates the fluid flow along this anisotropic region of
space. This hydrodynamic focusing mechanism stabilizes
the rivers and hence prevents them from shrinking or
widening. In conclusion, the coordinated action of lu-
bricated contact interactions and hydrodynamic focusing
explains the self-organization of the droplet flow into a
directed river patterns[35].
VII. DISCUSSION
The mobilization of emulsions in our disordered mi-
crofludic channels realizes a prototypical example of a
plastic depinning transition. Plastic depinning was intro-
duced first in the context of flux-line transport in high-Tc
superconductors [23, 29, 36–38] and further extended to
driven soft matter [23–25, 39–41]. Simply put, it de-
fines a flow transition in ensembles of interacting units
driven by a constant force through a disordered land-
scape of pinning sites. Regardless of the microscopic na-
ture of the driven units, plastic depinning is a dynamical
phase transition separating an absorbing static state, and
a flowing state where a finite fraction of the particles are
driven through filamentous patterns [23]. Although ex-
periments remain scarce, and no unified theory exists,
a number of quantitative simulations provide a consis-
tent phenomenology [23, 42]: (i) in 2D the transition
is critical [23, 24, 36], (ii) plastic flows are associated
with a bimodal speed distribution [29, 39], (iii) the in-
stantaneous flows occur along sparse networks of inter-
connected rivers having a smectic structure deep in the
flowing regime [23, 42, 43]. Our experiments enjoy these
three distinctive properties.
However, two noticeable differences exist between
conventional plastic depinning and emulsion mobiliza-
tion. Firstly, numerical simulations and mean-field mod-
els predict an algebraic flux distribution of the plastic
flows qualitatively confirmed by granular erosion experi-
ments [24, 25]. In contrast, the distribution of the emul-
sion flux is clearly exponential in Fig. 4I. More impor-
tantly, in ”dry” plastic depinning, the river networks con-
tinuously rearrange their structure in time, ultimately in-
volving the motion of all particles [25, 29]. The patterns
shown in Figs. 2A, 3B and Supplementary Movie 3 un-
dergo a markedly different dynamics. Once formed the
river network is frozen in time and merely allows a sub-
set of droplets to explore a finite fraction of space: both
the creeping and the mobilization regimes are absorbing
states for a macroscopic fraction of the driven particles.
We argue that these essential differences stem from the
interplay between the hydrodynamic drive and the pat-
tern geometry. Unlike conventional plastic flows, emul-
sion mobilization is not the response to a constant drive.
As a void forms, it locally increases the permeability of
the medium, focuses the flow of the driving fluid and lo-
cally amplifies the local force on the arrested droplets
which are more easily mobilized. The formation of the
river network is therefore a self-organization process rem-
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<latexit sha1_base64="3r/ygSkXnF3cS2G6MOgBht0cjZ8="></latexit><latexit sha1_base64="3r/ygSkXnF3cS2G6MOgBht0cjZ8="></latexit><latexit sha1_base64="3r/ygSkXnF3cS2G6MOgBht0cjZ8="></latexit>
E
<latexit sha1_base64="epOjWcVJLazSZivp+Hos4Ke5c20="> AAACzHicjVHLSsNAFD2Nr1pfVZdugkVwVVIR1I0URHBnBWOLbZFkOm1D8yKZCCV06xe41d8S/0D/wjvjFNQiOiHJmXPvOTP3Xjf2vV RY1mvBmJtfWFwqLpdWVtfWN8qbWzdplCWM2yzyo6TlOin3vZDbwhM+b8UJdwLX5013dCbjzXuepF4UXotxzLuBMwi9vsccQdRtJ3DE MO3n55O7csWqWmqZs6CmQQV6NaLyCzroIQJDhgAcIQRhHw5SetqowUJMXBc5cQkhT8U5JiiRNqMsThkOsSP6DmjX1mxIe+mZKjWjU3 x6E1Ka2CNNRHkJYXmaqeKZcpbsb9658pR3G9Pf1V4BsQJDYv/STTP/q5O1CPRxrGrwqKZYMbI6pl0y1RV5c/NLVYIcYuIk7lE8IcyU ctpnU2lSVbvsraPibypTsnLPdG6Gd3lLGnDt5zhngX1QPalaV4eV+qmedBE72MU+jfMIdVygAZusQzziCc/GpZEZuTH5TDUKWrONb8t 4+ADdcpNK</latexit><latexit sha1_base64="epOjWcVJLazSZivp+Hos4Ke5c20="> AAACzHicjVHLSsNAFD2Nr1pfVZdugkVwVVIR1I0URHBnBWOLbZFkOm1D8yKZCCV06xe41d8S/0D/wjvjFNQiOiHJmXPvOTP3Xjf2vV RY1mvBmJtfWFwqLpdWVtfWN8qbWzdplCWM2yzyo6TlOin3vZDbwhM+b8UJdwLX5013dCbjzXuepF4UXotxzLuBMwi9vsccQdRtJ3DE MO3n55O7csWqWmqZs6CmQQV6NaLyCzroIQJDhgAcIQRhHw5SetqowUJMXBc5cQkhT8U5JiiRNqMsThkOsSP6DmjX1mxIe+mZKjWjU3 x6E1Ka2CNNRHkJYXmaqeKZcpbsb9658pR3G9Pf1V4BsQJDYv/STTP/q5O1CPRxrGrwqKZYMbI6pl0y1RV5c/NLVYIcYuIk7lE8IcyU ctpnU2lSVbvsraPibypTsnLPdG6Gd3lLGnDt5zhngX1QPalaV4eV+qmedBE72MU+jfMIdVygAZusQzziCc/GpZEZuTH5TDUKWrONb8t 4+ADdcpNK</latexit><latexit sha1_base64="epOjWcVJLazSZivp+Hos4Ke5c20="> AAACzHicjVHLSsNAFD2Nr1pfVZdugkVwVVIR1I0URHBnBWOLbZFkOm1D8yKZCCV06xe41d8S/0D/wjvjFNQiOiHJmXPvOTP3Xjf2vV RY1mvBmJtfWFwqLpdWVtfWN8qbWzdplCWM2yzyo6TlOin3vZDbwhM+b8UJdwLX5013dCbjzXuepF4UXotxzLuBMwi9vsccQdRtJ3DE MO3n55O7csWqWmqZs6CmQQV6NaLyCzroIQJDhgAcIQRhHw5SetqowUJMXBc5cQkhT8U5JiiRNqMsThkOsSP6DmjX1mxIe+mZKjWjU3 x6E1Ka2CNNRHkJYXmaqeKZcpbsb9658pR3G9Pf1V4BsQJDYv/STTP/q5O1CPRxrGrwqKZYMbI6pl0y1RV5c/NLVYIcYuIk7lE8IcyU ctpnU2lSVbvsraPibypTsnLPdG6Gd3lLGnDt5zhngX1QPalaV4eV+qmedBE72MU+jfMIdVygAZusQzziCc/GpZEZuTH5TDUKWrONb8t 4+ADdcpNK</latexit>
 1/2
<latexit sha1_base64="cmMklEuROPgtzVtdyosVeQQRLEA=">AAACz3icjVHLSsNAFD2Nr1pfVZduglVwY02KoO4KblxWMbbQFkm m0zaYl8lELKXi1i9wq18l/oH+hXfGFNQiOiHJmXPvOTP3Xify3EQYxmtOm5qemZ3LzxcWFpeWV4qraxdJmMaMWyz0wrjh2An33IBbwhUeb0Qxt33H43Xn6ljG6zc8TtwwOBeDiLd9uxe4XZfZgqh2y7dFP+kOd829yuiyWDLKhlr6JDAzUEK2amHxBS10EIIhhQ+OAIKwBxs JPU2YMBAR18aQuJiQq+IcIxRIm1IWpwyb2Cv69mjXzNiA9tIzUWpGp3j0xqTUsU2akPJiwvI0XcVT5SzZ37yHylPebUB/J/PyiRXoE/uXbpz5X52sRaCLQ1WDSzVFipHVscwlVV2RN9e/VCXIISJO4g7FY8JMKcd91pUmUbXL3toq/qYyJSv3LMtN8S5vSQM2f45zEliV8lH ZON0vVbeySeexgU3s0DgPUMUJarDI+hqPeMKzdqbdanfa/Weqlss06/i2tIcPdB2TyA==</latexit><latexit sha1_base64="cmMklEuROPgtzVtdyosVeQQRLEA=">AAACz3icjVHLSsNAFD2Nr1pfVZduglVwY02KoO4KblxWMbbQFkm m0zaYl8lELKXi1i9wq18l/oH+hXfGFNQiOiHJmXPvOTP3Xify3EQYxmtOm5qemZ3LzxcWFpeWV4qraxdJmMaMWyz0wrjh2An33IBbwhUeb0Qxt33H43Xn6ljG6zc8TtwwOBeDiLd9uxe4XZfZgqh2y7dFP+kOd829yuiyWDLKhlr6JDAzUEK2amHxBS10EIIhhQ+OAIKwBxs JPU2YMBAR18aQuJiQq+IcIxRIm1IWpwyb2Cv69mjXzNiA9tIzUWpGp3j0xqTUsU2akPJiwvI0XcVT5SzZ37yHylPebUB/J/PyiRXoE/uXbpz5X52sRaCLQ1WDSzVFipHVscwlVV2RN9e/VCXIISJO4g7FY8JMKcd91pUmUbXL3toq/qYyJSv3LMtN8S5vSQM2f45zEliV8lH ZON0vVbeySeexgU3s0DgPUMUJarDI+hqPeMKzdqbdanfa/Weqlss06/i2tIcPdB2TyA==</latexit><latexit sha1_base64="cmMklEuROPgtzVtdyosVeQQRLEA=">AAACz3icjVHLSsNAFD2Nr1pfVZduglVwY02KoO4KblxWMbbQFkm m0zaYl8lELKXi1i9wq18l/oH+hXfGFNQiOiHJmXPvOTP3Xify3EQYxmtOm5qemZ3LzxcWFpeWV4qraxdJmMaMWyz0wrjh2An33IBbwhUeb0Qxt33H43Xn6ljG6zc8TtwwOBeDiLd9uxe4XZfZgqh2y7dFP+kOd829yuiyWDLKhlr6JDAzUEK2amHxBS10EIIhhQ+OAIKwBxs JPU2YMBAR18aQuJiQq+IcIxRIm1IWpwyb2Cv69mjXzNiA9tIzUWpGp3j0xqTUsU2akPJiwvI0XcVT5SzZ37yHylPebUB/J/PyiRXoE/uXbpz5X52sRaCLQ1WDSzVFipHVscwlVV2RN9e/VCXIISJO4g7FY8JMKcd91pUmUbXL3toq/qYyJSv3LMtN8S5vSQM2f45zEliV8lH ZON0vVbeySeexgU3s0DgPUMUJarDI+hqPeMKzdqbdanfa/Weqlss06/i2tIcPdB2TyA==</latexit><latexit sha1_base64="R5wJmE9xE5SdTz0wZ8is0Q1VbN8=">AAACtHicjVLLSgMxFD0dX7VWrWs3g0VwVaZu1J2gC5cVHFuoRTJ pWmMzDzIZoRR/wK0fJ/6B/oU3cQpqEc0wMyfn3nOSm5soUzI3QfBa8ZaWV1bXquu1jXptc2u7Ub/O00JzEfJUpboXsVwomYjQSKNEL9OCxZES3WhyZuPdB6FzmSZXZpqJQczGiRxJzgxRndtGM2gFbviLoF2CJsqRNl5wgyFScBSIIZDAEFZgyOnpo40AGXEDzIjThKSLCzy iRtqCsgRlMGIn9B3TrF+yCc2tZ+7UnFZR9GpS+tgnTUp5mrBdzXfxwjlb9jfvmfO0e5vSPyq9YmIN7oj9SzfP/K/O1mIwwrGrQVJNmWNsdbx0Kdyp2J37X6oy5JARZ/GQ4powd8r5OftOk7va7dkyF39zmZa1c17mFni3u6T+tn92cxGEh62TVnAZoIpd7OGAuniEU1ygg5A ch3jCs3fu3XvZ5zXwKuV92MG34ekPT4SMsA==</latexit><latexit sha1_base64="RtBehcUfLqU5D9ovt2/RnNuWGuA=">AAACxHicjVLLTsJAFD3UFyoqunXTSEzciC0bdWfixiUaKyRAzLQ M0NCXnamREIx/4Va/yvgH+hfeGUuiEqPTtD1z7j1n5s4dNwl8IS3rtWDMzS8sLhWXV1ZLa+sb5c3SlYiz1OOOFwdx2nSZ4IEfcUf6MuDNJOUsdAPecIenKt645anw4+hSjhLeCVk/8nu+xyRRnXbI5ED0xvv2QW1yXa5YVUsPcxbYOaggH/W4/II2uojhIUMIjgiScAAGQU8 LNiwkxHUwJi4l5Os4xwQrpM0oi1MGI3ZI3z7NWjkb0Vx5Cq32aJWA3pSUJnZJE1NeSlitZup4pp0V+5v3WHuqvY3o7+ZeIbESA2L/0k0z/6tTtUj0cKRr8KmmRDOqOi93yfSpqJ2bX6qS5JAQp3CX4ilhTyun52xqjdC1q7NlOv6mMxWr5l6em+Fd7ZIabP9s5yxwatXjqnV uoYht7GCPuniIE5yhDoccb/CIJzwbF8adcf95E4xCfiW28G0YDx8XRpKr</latexit><latexit sha1_base64="RtBehcUfLqU5D9ovt2/RnNuWGuA=">AAACxHicjVLLTsJAFD3UFyoqunXTSEzciC0bdWfixiUaKyRAzLQ M0NCXnamREIx/4Va/yvgH+hfeGUuiEqPTtD1z7j1n5s4dNwl8IS3rtWDMzS8sLhWXV1ZLa+sb5c3SlYiz1OOOFwdx2nSZ4IEfcUf6MuDNJOUsdAPecIenKt645anw4+hSjhLeCVk/8nu+xyRRnXbI5ED0xvv2QW1yXa5YVUsPcxbYOaggH/W4/II2uojhIUMIjgiScAAGQU8 LNiwkxHUwJi4l5Os4xwQrpM0oi1MGI3ZI3z7NWjkb0Vx5Cq32aJWA3pSUJnZJE1NeSlitZup4pp0V+5v3WHuqvY3o7+ZeIbESA2L/0k0z/6tTtUj0cKRr8KmmRDOqOi93yfSpqJ2bX6qS5JAQp3CX4ilhTyun52xqjdC1q7NlOv6mMxWr5l6em+Fd7ZIabP9s5yxwatXjqnV uoYht7GCPuniIE5yhDoccb/CIJzwbF8adcf95E4xCfiW28G0YDx8XRpKr</latexit><latexit sha1_base64="3cBOcXP1MpbOfIeXwCd0g0hjNtk=">AAACz3icjVHLTsJAFD3UF+ILdemmEU3ciC0bdUfixiUaKyRATFs GaOjLztRICMatX+BWv8r4B/oX3hlLohKj07Q9c+49Z+be68S+x4VhvOa0mdm5+YX8YmFpeWV1rbi+ccmjNHGZ5UZ+lDQcmzPfC5klPOGzRpwwO3B8VncGJzJev2EJ96LwQgxj1g7sXuh1PdcWRLVbgS36vDvaNw8q46tiySgbaunTwMxACdmqRcUXtNBBBBcpAjCEEIR92OD 0NGHCQExcGyPiEkKeijOMUSBtSlmMMmxiB/Tt0a6ZsSHtpSdXapdO8elNSKljlzQR5SWE5Wm6iqfKWbK/eY+Up7zbkP5O5hUQK9An9i/dJPO/OlmLQBdHqgaPaooVI6tzM5dUdUXeXP9SlSCHmDiJOxRPCLtKOemzrjRc1S57a6v4m8qUrNy7WW6Kd3lLGrD5c5zTwKqUj8v GmVGq7mSTzmML29ijcR6iilPUYJH1NR7xhGftXLvV7rT7z1Qtl2k28W1pDx9y3ZPE</latexit><latexit sha1_base64="cmMklEuROPgtzVtdyosVeQQRLEA=">AAACz3icjVHLSsNAFD2Nr1pfVZduglVwY02KoO4KblxWMbbQFkm m0zaYl8lELKXi1i9wq18l/oH+hXfGFNQiOiHJmXPvOTP3Xify3EQYxmtOm5qemZ3LzxcWFpeWV4qraxdJmMaMWyz0wrjh2An33IBbwhUeb0Qxt33H43Xn6ljG6zc8TtwwOBeDiLd9uxe4XZfZgqh2y7dFP+kOd829yuiyWDLKhlr6JDAzUEK2amHxBS10EIIhhQ+OAIKwBxs JPU2YMBAR18aQuJiQq+IcIxRIm1IWpwyb2Cv69mjXzNiA9tIzUWpGp3j0xqTUsU2akPJiwvI0XcVT5SzZ37yHylPebUB/J/PyiRXoE/uXbpz5X52sRaCLQ1WDSzVFipHVscwlVV2RN9e/VCXIISJO4g7FY8JMKcd91pUmUbXL3toq/qYyJSv3LMtN8S5vSQM2f45zEliV8lH ZON0vVbeySeexgU3s0DgPUMUJarDI+hqPeMKzdqbdanfa/Weqlss06/i2tIcPdB2TyA==</latexit><latexit sha1_base64="cmMklEuROPgtzVtdyosVeQQRLEA=">AAACz3icjVHLSsNAFD2Nr1pfVZduglVwY02KoO4KblxWMbbQFkm m0zaYl8lELKXi1i9wq18l/oH+hXfGFNQiOiHJmXPvOTP3Xify3EQYxmtOm5qemZ3LzxcWFpeWV4qraxdJmMaMWyz0wrjh2An33IBbwhUeb0Qxt33H43Xn6ljG6zc8TtwwOBeDiLd9uxe4XZfZgqh2y7dFP+kOd829yuiyWDLKhlr6JDAzUEK2amHxBS10EIIhhQ+OAIKwBxs JPU2YMBAR18aQuJiQq+IcIxRIm1IWpwyb2Cv69mjXzNiA9tIzUWpGp3j0xqTUsU2akPJiwvI0XcVT5SzZ37yHylPebUB/J/PyiRXoE/uXbpz5X52sRaCLQ1WDSzVFipHVscwlVV2RN9e/VCXIISJO4g7FY8JMKcd91pUmUbXL3toq/qYyJSv3LMtN8S5vSQM2f45zEliV8lH ZON0vVbeySeexgU3s0DgPUMUJarDI+hqPeMKzdqbdanfa/Weqlss06/i2tIcPdB2TyA==</latexit><latexit sha1_base64="cmMklEuROPgtzVtdyosVeQQRLEA=">AAACz3icjVHLSsNAFD2Nr1pfVZduglVwY02KoO4KblxWMbbQFkm m0zaYl8lELKXi1i9wq18l/oH+hXfGFNQiOiHJmXPvOTP3Xify3EQYxmtOm5qemZ3LzxcWFpeWV4qraxdJmMaMWyz0wrjh2An33IBbwhUeb0Qxt33H43Xn6ljG6zc8TtwwOBeDiLd9uxe4XZfZgqh2y7dFP+kOd829yuiyWDLKhlr6JDAzUEK2amHxBS10EIIhhQ+OAIKwBxs JPU2YMBAR18aQuJiQq+IcIxRIm1IWpwyb2Cv69mjXzNiA9tIzUWpGp3j0xqTUsU2akPJiwvI0XcVT5SzZ37yHylPebUB/J/PyiRXoE/uXbpz5X52sRaCLQ1WDSzVFipHVscwlVV2RN9e/VCXIISJO4g7FY8JMKcd91pUmUbXL3toq/qYyJSv3LMtN8S5vSQM2f45zEliV8lH ZON0vVbeySeexgU3s0DgPUMUJarDI+hqPeMKzdqbdanfa/Weqlss06/i2tIcPdB2TyA==</latexit><latexit sha1_base64="cmMklEuROPgtzVtdyosVeQQRLEA=">AAACz3icjVHLSsNAFD2Nr1pfVZduglVwY02KoO4KblxWMbbQFkm m0zaYl8lELKXi1i9wq18l/oH+hXfGFNQiOiHJmXPvOTP3Xify3EQYxmtOm5qemZ3LzxcWFpeWV4qraxdJmMaMWyz0wrjh2An33IBbwhUeb0Qxt33H43Xn6ljG6zc8TtwwOBeDiLd9uxe4XZfZgqh2y7dFP+kOd829yuiyWDLKhlr6JDAzUEK2amHxBS10EIIhhQ+OAIKwBxs JPU2YMBAR18aQuJiQq+IcIxRIm1IWpwyb2Cv69mjXzNiA9tIzUWpGp3j0xqTUsU2akPJiwvI0XcVT5SzZ37yHylPebUB/J/PyiRXoE/uXbpz5X52sRaCLQ1WDSzVFipHVscwlVV2RN9e/VCXIISJO4g7FY8JMKcd91pUmUbXL3toq/qYyJSv3LMtN8S5vSQM2f45zEliV8lH ZON0vVbeySeexgU3s0DgPUMUJarDI+hqPeMKzdqbdanfa/Weqlss06/i2tIcPdB2TyA==</latexit><latexit sha1_base64="cmMklEuROPgtzVtdyosVeQQRLEA=">AAACz3icjVHLSsNAFD2Nr1pfVZduglVwY02KoO4KblxWMbbQFkm m0zaYl8lELKXi1i9wq18l/oH+hXfGFNQiOiHJmXPvOTP3Xify3EQYxmtOm5qemZ3LzxcWFpeWV4qraxdJmMaMWyz0wrjh2An33IBbwhUeb0Qxt33H43Xn6ljG6zc8TtwwOBeDiLd9uxe4XZfZgqh2y7dFP+kOd829yuiyWDLKhlr6JDAzUEK2amHxBS10EIIhhQ+OAIKwBxs JPU2YMBAR18aQuJiQq+IcIxRIm1IWpwyb2Cv69mjXzNiA9tIzUWpGp3j0xqTUsU2akPJiwvI0XcVT5SzZ37yHylPebUB/J/PyiRXoE/uXbpz5X52sRaCLQ1WDSzVFipHVscwlVV2RN9e/VCXIISJO4g7FY8JMKcd91pUmUbXL3toq/qYyJSv3LMtN8S5vSQM2f45zEliV8lH ZON0vVbeySeexgU3s0DgPUMUJarDI+hqPeMKzdqbdanfa/Weqlss06/i2tIcPdB2TyA==</latexit>
-0.05
0
0.05
0.1F
<latexi t sha1_base64 ="vEGddjULfx vik+ZteKoHoxF ItYk=">AAACzH icjVHLSsNAFD2 Nr1pfVZdugkVw VVIR1I0UBHFn BWOLbZFkOm1D8 yKZCCV06xe41d 8S/0D/wjvjFNQ iOiHJmXPvOTP 3Xjf2vVRY1mvB mJtfWFwqLpdWV tfWN8qbWzdplC WM2yzyo6TlOi n3vZDbwhM+b8U JdwLX5013dCbj zXuepF4UXotxz LuBMwi9vsccQd RtJ3DEMO3n55 O7csWqWmqZs6C mQQV6NaLyCzro IQJDhgAcIQRhH w5SetqowUJMX Bc5cQkhT8U5Ji iRNqMsThkOsSP 6DmjX1mxIe+mZ KjWjU3x6E1Ka2 CNNRHkJYXmaq eKZcpbsb9658p R3G9Pf1V4BsQJ DYv/STTP/q5O1 CPRxrGrwqKZY MbI6pl0y1RV5c /NLVYIcYuIk7l E8IcyUctpnU2l SVbvsraPibypT snLPdG6Gd3lL GnDt5zhngX1QP alaV4eV+qmedB E72MU+jfMIdVy gAZusQzziCc/ GpZEZuTH5TDUK WrONb8t4+ADf0 pNL</latexit><latexi t sha1_base64 ="vEGddjULfx vik+ZteKoHoxF ItYk=">AAACzH icjVHLSsNAFD2 Nr1pfVZdugkVw VVIR1I0UBHFn BWOLbZFkOm1D8 yKZCCV06xe41d 8S/0D/wjvjFNQ iOiHJmXPvOTP 3Xjf2vVRY1mvB mJtfWFwqLpdWV tfWN8qbWzdplC WM2yzyo6TlOi n3vZDbwhM+b8U JdwLX5013dCbj zXuepF4UXotxz LuBMwi9vsccQd RtJ3DEMO3n55 O7csWqWmqZs6C mQQV6NaLyCzro IQJDhgAcIQRhH w5SetqowUJMX Bc5cQkhT8U5Ji iRNqMsThkOsSP 6DmjX1mxIe+mZ KjWjU3x6E1Ka2 CNNRHkJYXmaq eKZcpbsb9658p R3G9Pf1V4BsQJ DYv/STTP/q5O1 CPRxrGrwqKZY MbI6pl0y1RV5c /NLVYIcYuIk7l E8IcyUctpnU2l SVbvsraPibypT snLPdG6Gd3lL GnDt5zhngX1QP alaV4eV+qmedB E72MU+jfMIdVy gAZusQzziCc/ GpZEZuTH5TDUK WrONb8t4+ADf0 pNL</latexit><latexi t sha1_base64 ="vEGddjULfx vik+ZteKoHoxF ItYk=">AAACzH icjVHLSsNAFD2 Nr1pfVZdugkVw VVIR1I0UBHFn BWOLbZFkOm1D8 yKZCCV06xe41d 8S/0D/wjvjFNQ iOiHJmXPvOTP 3Xjf2vVRY1mvB mJtfWFwqLpdWV tfWN8qbWzdplC WM2yzyo6TlOi n3vZDbwhM+b8U JdwLX5013dCbj zXuepF4UXotxz LuBMwi9vsccQd RtJ3DEMO3n55 O7csWqWmqZs6C mQQV6NaLyCzro IQJDhgAcIQRhH w5SetqowUJMX Bc5cQkhT8U5Ji iRNqMsThkOsSP 6DmjX1mxIe+mZ KjWjU3x6E1Ka2 CNNRHkJYXmaq eKZcpbsb9658p R3G9Pf1V4BsQJ DYv/STTP/q5O1 CPRxrGrwqKZY MbI6pl0y1RV5c /NLVYIcYuIk7l E8IcyUctpnU2l SVbvsraPibypT snLPdG6Gd3lL GnDt5zhngX1QP alaV4eV+qmedB E72MU+jfMIdVy gAZusQzziCc/ GpZEZuTH5TDUK WrONb8t4+ADf0 pNL</latexit>
C
V
(x
,y
)/
C
V
(0
,0
)
<latexit sha1_base64="+OWYbFW1iKne5zJQnyFurXWoTns="></latexit><latexit sha1_base64="+OWYbFW1iKne5zJQnyFurXWoTns="></latexit><latexit sha1_base64="+OWYbFW1iKne5zJQnyFurXWoTns="></latexit>
x
<latexit sha1 _base64="FWNZcQTb0To7/jdj0 Tb4Yr/SzOk=">AAACzHicjVHL SsNAFD2Nr1pfVZduglVwVVIR1F 3BjTsrGFtsiyTptB2aF5OJWEK 3foFb/S3xD/QvvDOmoBbRCUnOn HvPmbn3urHPE2lZrwVjbn5hcam 4XFpZXVvfKG9uXSdRKjxme5Ef iZbrJMznIbMllz5rxYI5geuzpj s6U/HmHRMJj8IrOY5ZN3AGIe9 zz5FE3XQCRw6TfnY/uS1XrKqll zkLajmoIF+NqPyCDnqI4CFFAI YQkrAPBwk9bdRgISaui4w4QYjr OMMEJdKmlMUowyF2RN8B7do5G 9JeeSZa7dEpPr2ClCb2SRNRniC sTjN1PNXOiv3NO9Oe6m5j+ru5 V0CsxJDYv3TTzP/qVC0SfZzoGj jVFGtGVeflLqnuirq5+aUqSQ4x cQr3KC4Ie1o57bOpNYmuXfXW0 fE3nalYtffy3BTv6pY04NrPcc4 C+7B6WrUujyr1vXzSRexgFwc0 zmPUcY4GbLIO8YgnPBsXRmpkxu Qz1Sjkmm18W8bDB07Pk2M=</l atexit><latexit sha1 _base64="FWNZcQTb0To7/jdj0 Tb4Yr/SzOk=">AAACzHicjVHL SsNAFD2Nr1pfVZduglVwVVIR1F 3BjTsrGFtsiyTptB2aF5OJWEK 3foFb/S3xD/QvvDOmoBbRCUnOn HvPmbn3urHPE2lZrwVjbn5hcam 4XFpZXVvfKG9uXSdRKjxme5Ef iZbrJMznIbMllz5rxYI5geuzpj s6U/HmHRMJj8IrOY5ZN3AGIe9 zz5FE3XQCRw6TfnY/uS1XrKqll zkLajmoIF+NqPyCDnqI4CFFAI YQkrAPBwk9bdRgISaui4w4QYjr OMMEJdKmlMUowyF2RN8B7do5G 9JeeSZa7dEpPr2ClCb2SRNRniC sTjN1PNXOiv3NO9Oe6m5j+ru5 V0CsxJDYv3TTzP/qVC0SfZzoGj jVFGtGVeflLqnuirq5+aUqSQ4x cQr3KC4Ie1o57bOpNYmuXfXW0 fE3nalYtffy3BTv6pY04NrPcc4 C+7B6WrUujyr1vXzSRexgFwc0 zmPUcY4GbLIO8YgnPBsXRmpkxu Qz1Sjkmm18W8bDB07Pk2M=</l atexit><latexit sha1 _base64="FWNZcQTb0To7/jdj0 Tb4Yr/SzOk=">AAACzHicjVHL SsNAFD2Nr1pfVZduglVwVVIR1F 3BjTsrGFtsiyTptB2aF5OJWEK 3foFb/S3xD/QvvDOmoBbRCUnOn HvPmbn3urHPE2lZrwVjbn5hcam 4XFpZXVvfKG9uXSdRKjxme5Ef iZbrJMznIbMllz5rxYI5geuzpj s6U/HmHRMJj8IrOY5ZN3AGIe9 zz5FE3XQCRw6TfnY/uS1XrKqll zkLajmoIF+NqPyCDnqI4CFFAI YQkrAPBwk9bdRgISaui4w4QYjr OMMEJdKmlMUowyF2RN8B7do5G 9JeeSZa7dEpPr2ClCb2SRNRniC sTjN1PNXOiv3NO9Oe6m5j+ru5 V0CsxJDYv3TTzP/qVC0SfZzoGj jVFGtGVeflLqnuirq5+aUqSQ4x cQr3KC4Ie1o57bOpNYmuXfXW0 fE3nalYtffy3BTv6pY04NrPcc4 C+7B6WrUujyr1vXzSRexgFwc0 zmPUcY4GbLIO8YgnPBsXRmpkxu Qz1Sjkmm18W8bDB07Pk2M=</l atexit>
y
<latexit sha1 _base64="67sPPgp2hOiI/qx3x 9UKLou1gi8=">AAACzHicjVHL SsNAFD2Nr1pfVZduglVwVVIR1F 3BjTsrWC22RZLptB2aF8lEKKF bv8Ct/pb4B/oX3hmnoBbRCUnOn HvPmbn3erEvUuk4rwVrbn5hcam 4XFpZXVvfKG9uXadRljDeZJEf JS3PTbkvQt6UQvq8FSfcDTyf33 ijMxW/uedJKqLwSo5j3g3cQSj 6grmSqNtO4Mph2s/Hk7tyxak6e tmzoGZABWY1ovILOughAkOGAB whJGEfLlJ62qjBQUxcFzlxCSGh 4xwTlEibURanDJfYEX0HtGsbN qS98ky1mtEpPr0JKW3skyaivIS wOs3W8Uw7K/Y371x7qruN6e8Z r4BYiSGxf+mmmf/VqVok+jjRNQ iqKdaMqo4Zl0x3Rd3c/lKVJIeY OIV7FE8IM62c9tnWmlTXrnrr6 vibzlSs2jOTm+Fd3ZIGXPs5zln QPKyeVp3Lo0p9z0y6iB3s4oDG eYw6ztFAk6xDPOIJz9aFlVm5Nf lMtQpGs41vy3r4AFEvk2Q=</l atexit><latexit sha1 _base64="67sPPgp2hOiI/qx3x 9UKLou1gi8=">AAACzHicjVHL SsNAFD2Nr1pfVZduglVwVVIR1F 3BjTsrWC22RZLptB2aF8lEKKF bv8Ct/pb4B/oX3hmnoBbRCUnOn HvPmbn3erEvUuk4rwVrbn5hcam 4XFpZXVvfKG9uXadRljDeZJEf JS3PTbkvQt6UQvq8FSfcDTyf33 ijMxW/uedJKqLwSo5j3g3cQSj 6grmSqNtO4Mph2s/Hk7tyxak6e tmzoGZABWY1ovILOughAkOGAB whJGEfLlJ62qjBQUxcFzlxCSGh 4xwTlEibURanDJfYEX0HtGsbN qS98ky1mtEpPr0JKW3skyaivIS wOs3W8Uw7K/Y371x7qruN6e8Z r4BYiSGxf+mmmf/VqVok+jjRNQ iqKdaMqo4Zl0x3Rd3c/lKVJIeY OIV7FE8IM62c9tnWmlTXrnrr6 vibzlSs2jOTm+Fd3ZIGXPs5zln QPKyeVp3Lo0p9z0y6iB3s4oDG eYw6ztFAk6xDPOIJz9aFlVm5Nf lMtQpGs41vy3r4AFEvk2Q=</l atexit><latexit sha1 _base64="67sPPgp2hOiI/qx3x 9UKLou1gi8=">AAACzHicjVHL SsNAFD2Nr1pfVZduglVwVVIR1F 3BjTsrWC22RZLptB2aF8lEKKF bv8Ct/pb4B/oX3hmnoBbRCUnOn HvPmbn3erEvUuk4rwVrbn5hcam 4XFpZXVvfKG9uXadRljDeZJEf JS3PTbkvQt6UQvq8FSfcDTyf33 ijMxW/uedJKqLwSo5j3g3cQSj 6grmSqNtO4Mph2s/Hk7tyxak6e tmzoGZABWY1ovILOughAkOGAB whJGEfLlJ62qjBQUxcFzlxCSGh 4xwTlEibURanDJfYEX0HtGsbN qS98ky1mtEpPr0JKW3skyaivIS wOs3W8Uw7K/Y371x7qruN6e8Z r4BYiSGxf+mmmf/VqVok+jjRNQ iqKdaMqo4Zl0x3Rd3c/lKVJIeY OIV7FE8IM62c9tnWmlTXrnrr6 vibzlSs2jOTm+Fd3ZIGXPs5zln QPKyeVp3Lo0p9z0y6iB3s4oDG eYw6ztFAk6xDPOIJz9aFlVm5Nf lMtQpGs41vy3r4AFEvk2Q=</l atexit>
G
<latexit sha1_base64="nk6gc 9sq+WzPPNAKCqmEZrKF+Qk=">AAACzHicjVHLSsNAFD2Nr1pfVZdug kVwVVIR1I0UXOjOCsYW2yLJdNqG5kUyEUro1i9wq78l/oH+hXfGKa hFdEKSM+fec2buvW7se6mwrNeCMTe/sLhUXC6trK6tb5Q3t27SKEs Yt1nkR0nLdVLueyG3hSd83ooT7gSuz5vu6EzGm/c8Sb0ovBbjmHcDZ xB6fY85gqjbTuCIYdrPzyd35YpVtdQyZ0FNgwr0akTlF3TQQwSGDA E4QgjCPhyk9LRRg4WYuC5y4hJCnopzTFAibUZZnDIcYkf0HdCurdmQ 9tIzVWpGp/j0JqQ0sUeaiPISwvI0U8Uz5SzZ37xz5SnvNqa/q70CY gWGxP6lm2b+VydrEejjWNXgUU2xYmR1TLtkqivy5uaXqgQ5xMRJ3KN 4Qpgp5bTPptKkqnbZW0fF31SmZOWe6dwM7/KWNODaz3HOAvugelK1 rg4r9VM96SJ2sIt9GucR6rhAAzZZh3jEE56NSyMzcmPymWoUtGYb3 5bx8AHiMpNM</latexit><latexit sha1_base64="nk6gc 9sq+WzPPNAKCqmEZrKF+Qk=">AAACzHicjVHLSsNAFD2Nr1pfVZdug kVwVVIR1I0UXOjOCsYW2yLJdNqG5kUyEUro1i9wq78l/oH+hXfGKa hFdEKSM+fec2buvW7se6mwrNeCMTe/sLhUXC6trK6tb5Q3t27SKEs Yt1nkR0nLdVLueyG3hSd83ooT7gSuz5vu6EzGm/c8Sb0ovBbjmHcDZ xB6fY85gqjbTuCIYdrPzyd35YpVtdQyZ0FNgwr0akTlF3TQQwSGDA E4QgjCPhyk9LRRg4WYuC5y4hJCnopzTFAibUZZnDIcYkf0HdCurdmQ 9tIzVWpGp/j0JqQ0sUeaiPISwvI0U8Uz5SzZ37xz5SnvNqa/q70CY gWGxP6lm2b+VydrEejjWNXgUU2xYmR1TLtkqivy5uaXqgQ5xMRJ3KN 4Qpgp5bTPptKkqnbZW0fF31SmZOWe6dwM7/KWNODaz3HOAvugelK1 rg4r9VM96SJ2sIt9GucR6rhAAzZZh3jEE56NSyMzcmPymWoUtGYb3 5bx8AHiMpNM</latexit><latexit sha1_base64="nk6gc 9sq+WzPPNAKCqmEZrKF+Qk=">AAACzHicjVHLSsNAFD2Nr1pfVZdug kVwVVIR1I0UXOjOCsYW2yLJdNqG5kUyEUro1i9wq78l/oH+hXfGKa hFdEKSM+fec2buvW7se6mwrNeCMTe/sLhUXC6trK6tb5Q3t27SKEs Yt1nkR0nLdVLueyG3hSd83ooT7gSuz5vu6EzGm/c8Sb0ovBbjmHcDZ xB6fY85gqjbTuCIYdrPzyd35YpVtdQyZ0FNgwr0akTlF3TQQwSGDA E4QgjCPhyk9LRRg4WYuC5y4hJCnopzTFAibUZZnDIcYkf0HdCurdmQ 9tIzVWpGp/j0JqQ0sUeaiPISwvI0U8Uz5SzZ37xz5SnvNqa/q70CY gWGxP6lm2b+VydrEejjWNXgUU2xYmR1TLtkqivy5uaXqgQ5xMRJ3KN 4Qpgp5bTPptKkqnbZW0fF31SmZOWe6dwM7/KWNODaz3HOAvugelK1 rg4r9VM96SJ2sIt9GucR6rhAAzZZh3jEE56NSyMzcmPymWoUtGYb3 5bx8AHiMpNM</latexit>
H
<latexit sha1_base64="59y3x21aV8oKK+U8QLQdBSNsfCg="> AAACzHicjVHLSsNAFD2Nr1pfVZdugkVwVVIR1I0U3HRnBWOLbZEknbaheTGZCCV06xe41d8S/0D/wjvjFNQiOiHJmXPvOTP3XjcJ/F RY1mvBWFhcWl4prpbW1jc2t8rbOzdpnHGP2V4cxLztOikL/IjZwhcBayecOaEbsJY7vpDx1j3jqR9H12KSsF7oDCN/4HuOIOq2Gzpi lA7yxvSuXLGqllrmPKhpUIFezbj8gi76iOEhQwiGCIJwAAcpPR3UYCEhroecOE7IV3GGKUqkzSiLUYZD7Ji+Q9p1NBvRXnqmSu3RKQ G9nJQmDkgTUx4nLE8zVTxTzpL9zTtXnvJuE/q72iskVmBE7F+6WeZ/dbIWgQFOVQ0+1ZQoRlbnaZdMdUXe3PxSlSCHhDiJ+xTnhD2l nPXZVJpU1S5766j4m8qUrNx7OjfDu7wlDbj2c5zzwD6qnlWtq+NK/VxPuog97OOQxnmCOhpowibrCI94wrNxaWRGbkw/U42C1uzi2zI ePgDkkpNN</latexit><latexit sha1_base64="59y3x21aV8oKK+U8QLQdBSNsfCg="> AAACzHicjVHLSsNAFD2Nr1pfVZdugkVwVVIR1I0U3HRnBWOLbZEknbaheTGZCCV06xe41d8S/0D/wjvjFNQiOiHJmXPvOTP3XjcJ/F RY1mvBWFhcWl4prpbW1jc2t8rbOzdpnHGP2V4cxLztOikL/IjZwhcBayecOaEbsJY7vpDx1j3jqR9H12KSsF7oDCN/4HuOIOq2Gzpi lA7yxvSuXLGqllrmPKhpUIFezbj8gi76iOEhQwiGCIJwAAcpPR3UYCEhroecOE7IV3GGKUqkzSiLUYZD7Ji+Q9p1NBvRXnqmSu3RKQ G9nJQmDkgTUx4nLE8zVTxTzpL9zTtXnvJuE/q72iskVmBE7F+6WeZ/dbIWgQFOVQ0+1ZQoRlbnaZdMdUXe3PxSlSCHhDiJ+xTnhD2l nPXZVJpU1S5766j4m8qUrNx7OjfDu7wlDbj2c5zzwD6qnlWtq+NK/VxPuog97OOQxnmCOhpowibrCI94wrNxaWRGbkw/U42C1uzi2zI ePgDkkpNN</latexit><latexit sha1_base64="59y3x21aV8oKK+U8QLQdBSNsfCg="> AAACzHicjVHLSsNAFD2Nr1pfVZdugkVwVVIR1I0U3HRnBWOLbZEknbaheTGZCCV06xe41d8S/0D/wjvjFNQiOiHJmXPvOTP3XjcJ/F RY1mvBWFhcWl4prpbW1jc2t8rbOzdpnHGP2V4cxLztOikL/IjZwhcBayecOaEbsJY7vpDx1j3jqR9H12KSsF7oDCN/4HuOIOq2Gzpi lA7yxvSuXLGqllrmPKhpUIFezbj8gi76iOEhQwiGCIJwAAcpPR3UYCEhroecOE7IV3GGKUqkzSiLUYZD7Ji+Q9p1NBvRXnqmSu3RKQ G9nJQmDkgTUx4nLE8zVTxTzpL9zTtXnvJuE/q72iskVmBE7F+6WeZ/dbIWgQFOVQ0+1ZQoRlbnaZdMdUXe3PxSlSCHhDiJ+xTnhD2l nPXZVJpU1S5766j4m8qUrNx7OjfDu7wlDbj2c5zzwD6qnlWtq+NK/VxPuog97OOQxnmCOhpowibrCI94wrNxaWRGbkw/U42C1uzi2zI ePgDkkpNN</latexit>
 1
<latexit sha1_base64="P2lje4VmHmxKT9OvW1xYlAR5SYM="> AAACznicjVHLSsNAFD2Nr1pfVZduglVwY0m1+NgV3LisYB/QFpmk03ZoXiSTQinFrT/gVj9L/AP9C++MqShF9IYkZ86958592KErYm lZrxljYXFpeSW7mltb39jcym/v1OMgiRxecwI3iJo2i7krfF6TQrq8GUacebbLG/bwSvkbIx7FIvBv5TjkHY/1fdETDpNEtdoek4O4 NzkuTe/yBatoaTPnQSkFBaRWDfIvaKOLAA4SeODwIQm7YIjpaaEECyFxHUyIiwgJ7eeYIkfahKI4RTBih/Tt06mVsj6dVc5Yqx26xa U3IqWJQ9IEFBcRVreZ2p/ozIr9LfdE51S1jelvp7k8YiUGxP6lm0X+V6d6kejhQvcgqKdQM6o7J82S6Kmoys1vXUnKEBKncJf8EWFH K2dzNrUm1r2r2TLtf9ORilVnJ41N8K6q1Au+VHb2tc55UD8plk6L5ZtyoXKQrjqLPezjiPZ5jgquUUVNT/wRT3g2qsbImBr3n6FGJtX s4ocZDx/sZJO4</latexit>
hV
k(
r)
i r/
V0 k
<latexit sha1_base64="pkTYKY5XbXinniL6DMWKffCZqzA="></latexit>
FIG. 4. (A) Spatial average of the maximal droplet flux 〈V‖(r)〉r plotted versus Q. The droplet flux 〈V‖(r)〉r bifurcates
at Q?. (B) Histogram of the individual droplet speed (along the longitudinal direction). The bimodal distribution reveals
the formation of sparse flowing rivers as in [29]. (C) Decorrelations of the longitudinal flux 〈V‖(r)〉r along the direction y
transverse to the flow. (D) The smectic order parameter S = CV(0, 2a) − CV(0, a) bifurcates at Q = Q?. Nematic rivers of
width 2a emerge at the onset of mobilization. (E) Along the longitudinal x-direction the correlations of the droplet flux decay
algebraically. CV(x, 0) ∼ x−α with 0.5 < α < 1. (F) 2D variations of the flux correlations: CV(x, y). The dashed lines indicates
the directions making an angle of pi/4 and 3pi/4 with the x-axis. The suppression of the oscillations past the dashed lines hints
towards the formation of dipolar force chains. (G) Sketch of the dipolar displacements induced by the depinning of one droplet
in a contact cluster. (H) The focusing of the driving flow along the low density regions promotes and stabilizes mobilization
along filamentous rivers. (I) Distribution of the instantaneous and droplet flux ν‖(r, t) measured at the time where the decay
rate of N (t) is maximal. The local droplet current is distributed according to an exponential distribution. This measurement
contrasts with the power law reported in erosion experiments and simulations [24, 25].
iniscent to the Laplacian growth of viscous fingers [2].
Similarly, the self-focusing of the driving flow results in
static viscous fingers with a characteristic dendritic ge-
ometry that cannot undergo any structural transforma-
tion. This picture is further confirmed by wet granular
experiments and simulations that resemble to our setup
in the limit of zero pinning strength [44–46], where the
hydrodynamic drive results in channeling geometries akin
to Laplacian patterns.
In conclusion, we have established that the critical mo-
bilization of emulsions defines a ”universality class” that
relies on two essential ingredients: (i) The drive and the
interactions must conspire to allow particles to overcome
a local mobilization threshold, and (ii) the magnitude of
the driving force must be amplified by local mobilization
events. Beyond the specifics of our experiments, this con-
clusion is supported by recent numerical simulations and
experiments on the displacement of yield stress fluids in
a model porous media [26, 27], a system which combines
the two necessary ingredients for critical mobilization and
which displays a strikingly similar self-organized plastic
depinning phenomenology [26].
VIII. CONCLUSION
The collective mobilization of droplets trapped by ran-
dom lattices of pinning sites results in large-scale pat-
terns, chiefly governed by the interplay between hydro-
dynamic flows, contact interactions and capillary pinning
force. We therefore expect these generic mechanisms to
shape the emergent flow patterns of a broad class of frag-
mented liquid interfaces driven through confined hetero-
geneous environments. Beyond the specifics of emulsions,
we have established that the hydrodynamic mobilization
of soft particles in disordered geometries realizes a rare
experimental demonstration of a critical plastic depin-
ning transition. We now need to address the robustness
of this collective dynamics to strongly nonlinear interac-
tions between particles and disorder such as coalescence
and fragmentation, a formidable yet necessary challenge
to elucidate the general transport rules of soft matter in
heterogeneous media.
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Appendix A: Microfabrication
The microfluidic devices are made using the
microfludic-sticker method [47]. In brief, the fabrication
of the stickers is based on the soft imprint of a photocur-
able resin (NOA 81 Norland). We first make a mold made
of two layers of SU8 photoresist (Microchem). The first
layer includes the replica of the random lattice of circular
wells, the second is a replica of the straight channels. The
mold is replicated to make a PDMS stamp. The stamp
is used to imprint a thin layer of thiolene-based resin
(NOA 81) cast on a glass coverslip. We cure the resin
with a 7s UV exposure (20 mW/cm2, UV lamp Hama-
matsu LC8). The microfluidic chip is finally assembled
sealing the sticker with a Quartz slide. Adhesion is en-
sured by an additional UV exposure and thermal curing
for 12h at90◦C. In order to prevent the wetting of the
channel walls by the emulsion droplets, we treat the de-
vice as described in [48]. A deep-UV exposure for 30 mins
in a Jelight UVO CLeaner 42 makes the NOA 81 surface
permanently hydrophilic. The stickers are connected to
three injection tubings using home-made connectors.
Appendix B: Microfluidics and imaging
We use the stickers to make and transport a hexade-
cane emulsion dispersed in a solution of water, Glyc-
erol (40 wt%), surfactant (Sodium Dodecyl Sulfate (SDS)
0.1 wt%) and fluorescein (0.2 wt%). To ensure repro-
ducible initial conditions, we use a systematic fluid-
injection protocol. First, the sticker is filled with CO2
that is more soluble in water than air. We then fill
the whole device with water-glycerol solution and dis-
solve all CO2 bubbles. Finally, using precision sy-
ringe pumps (Nemesis, Cetoni), the water-glycerol solu-
tion and hexadecane flow rates are respectively fixed to
Qw = 12µl/min and Qh = 3µl/min at the T-junction.
In turn, we produce a monodisperse hexadecane in water-
glycerol emulsion with a droplet radius of a = 47µm, and
a surface fraction in the main channel of 0.7. Once the
main channel is filled with the emulsion, we stop the hex-
adecane flow and impose the minimum flow rate possible
for the water-glycerol mixture and let the system to re-
lax during ten minutes. The experiment and recording
start after imposing the desired flow rate to the aqueous
phase.
We record the fluorescence images of the main channel
with a Nikon AZ100 using a 6X magnification and
a 4 MPix CCD camera (Basler Aviator). In order
to correctly track the droplet trajectories, the frame
rate is set as follows: 3.3 fps for flow rates lower than
Q = 6µl/min, and 10 fps for flow rates higher than
Q = 6µl/min.
Appendix C: Detection and data analysis
We detect the center of mass of all droplets in the
field of view using the ImageJ minima intensity detec-
tion function on contrast-enhanced and gaussian blurred
frames (the standard deviation of the Gaussian kernel is
taken equal to a/2) [49]. The droplets are detected with a
pixel accuracy. We reconstruct the drop trajectories and
measure their instantaneous velocity using the MATLAB
function by Blair and Dufresne based on the Crocker and
Grier tracking algorithm [50]. We compute all the Eule-
rian and Lagrangian quantities defined in the main text
(density, velocity, current fields, droplet speed, etc) from
the droplet instantaneous positions and velocities as de-
tailed in SI Appendix.
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